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and TAMI MIYASHIRO 


ABSTRACT. Three compounds of magnesium cordierite composition (Mg2AlSisO.s) 
have been synthesized. They are called a-, B- and y-forms. The a-form, and possibly 
the B-form also, have been considered to be identical with natural cordierite, but our 
study has shown that it is necessary to make drastic modifications of existing concep- 
tions in this regard. 

We found that the a-form, and probably the 8-form also, are truly hexagonal in 
symmetry, and then are different from cordierite which is pseudohexagonal. The a- and 
B-forms are iso-structural with beryl. The crystal structure of natural cordierite is de- 
rived by slight deformations from those of the a- and B-forms. 

We found crystals of the a-form in fused sediments from Bokaro coalfield, India, 
and gave it the mineralogical name of “indialite.” When necessary, the a- and 8-forms 
should be called “high and low indialites” respectively, as there is high-low inversion 
relation between them. 

In natural cordierite, there exist probably two polymorphic forms, here called “high 
and low cordierites.” Low cordierite is transformed to high cordierite on heating at high 
temperatures. High cordierite occurs in volcanic rocks, while low cordierite occurs in 
other kinds of rocks, especially in metamorphic rocks. 

At the end is discussed the petrological relation between cordierite and osumilite, 
the latter of which is a mineral discovered as a by-product of the present study. The 
results of our study are summarized in table 15. 

INTRODUCTION 

Towards the end of the 19th century, synthetic experiments on cordierite 
were carried out by C. Doelter and E. Hussack, by L. Bourgeois, and by J. 
Morozewicz (Doelter, 1917, p. 626). Morozewicz (1899) especially made 
an important contribution, and called the crystals which he obtained “cor- 
dierite.” 

Later, G. A. Rankin and H. E. Merwin (1918) synthesized two 
compounds which probably have magnesium  cordierite composition 
(Mg,Al,Si;0,s) in the course of their study of the ternary system MgO— 
Al,O,—SiO.. They called the two compounds “a- and p-forms of ternary 
compound” or “a- and y-ternary compound,” and considered that the a-form 
is probably identical with the “cordierite” synthesized by Morozewicz and 
also with natural cordierite. Sometimes they called it simply “cordierite.” 

In the years 1929 to 1932, many investigators found that the a-form 
has an unusually low thermal expansion coefficient and is useful in the ceramic 
industry. 

H. S. Yoder, Jr. (1952) synthesized the a-form by the hydrothermal 
method at temperatures above 830°C., while he obtained similar crystals 
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having slightly higher refractive indices by the same method at temperatures 
below 830°C. He did not notice any significant difference in X-ray pattern 
between the two kinds, and considered that at least the latter is identical with 
cordierite. 
1 
Optical Properties of Synthetic Forms of Mg-Al,Si;0,5 
Rankin and Karkhanavala and 
Authors Merwin (1918) Yoder (1952) Hummel (1953) 
1.524 1.521 1,524 
eform 1,528 1.526 1.526 
0° (negative) 30° (negative) 
1.537 
B-form 1,541 
2V <45° (negative) 
p-form 1.535-1.560 1.546 


M. D. Karkhanavala and F. A. Hummel (1953) considered that only the 
a-form is identical with natural cordierite. Asserting that the cordierite-like 
crystals synthesized below 830°C. by Yoder represent a new form of 
Mg. Al,Si;O,s, they called it “B-form.” They said also that the »-form of 
Rankin and Merwin is iso-structural with B-spodumene, and so is decidedly 
different from natural cordierite. 

Thus, it is generally believed that there exist three polymorphic modifica- 
tions, a, 8 and p, of magnesium cordierite composition, and that the a-form, 
and possibly the 8-form also, are identical with natural cordierite. The char- 
acteristic optical properties are shown in table 1. 

Our attention was drawn, however, to the fact that the a-form differs 
from natural cordierite in optical angle. According to the original description 
by Rankin and Merwin the former is uniaxial negative, whereas the latter is 
biaxial negative or positive, usually with a large optical angle. Doubting 
therefore the identity of the a-form with natural cordierite, we examined them 
and came to the conclusion that the a-form is truly hexagonal in symmetry. 
Thus the a-form differs from natural cordierite which is pseudohexagonal 
(rhombic or possibly monoclinic). 

Further, a sample of what appears to be the B-form was examined and 
found to be probably hexagonal. Hence the 8-form also differs from natural 
cordierite. Thus any of the three synthetic forms of magnesium cordierite 
composition is not identical with natural cordierite. 

Looking for the occurrence of the synthetic forms in nature, we found 
crystals of the a-form in fused sediments from Bokaro coalfield, India. The 
a-form is thus a mineral in the proper sense of the word, We proposed to 
call this new mineral “indialite” after India (Miyashiro and liyama, 1954). 

We found in addition that there exist probably two polymorphic modi- 
fications in natural cordierite. They have distinctive optical properties and 
show characteristic modes of occurrence. Probably one or the other of the 
two modifications is stable at high or low temperatures respectively, while 
the a-, 8- and »-forms are perhaps metastable. 
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Thus we have come to know that there exist probably five polymorphs 
of cordierite composition. It is an important problem to avoid confusion and 
decrease a burden on memory by a clear nomenclature. In the original nomen- 
clature of Rankin and Merwin, the names of “a- and p-ternary compound” 
were used as chemical names only to distinguish the two synthetic compounds. 
Some later investigators, however, called them “a- and p-cordierites” respect- 
ively. Others called the a- or B-form simply “cordierite.” Now, the a-, B- 
and y«-forms have been proved to differ from cordierite, and, as discussed 
below, probably they are not in high-low inversion relation to cordierite. 
Therefore it is undesirable to call them cordierite any longer. 

We propose to use the prefixes, a, 8 and », only as those for chemical 
names such as “a-, B- and p-forms of Mg.Al,Si;0,;” or “a-, B- and p- 
Mg:AlL,Si;O,s,” in harmony with the original usage by Rankin and Merwin. 
It is reasonable to restrict the use of the mineralogical name “cordierite” to 
the two pseudohexagonal forms represented by natural cordierite. When 
necessary, they should be distinguished from each other as “high and low 
cordierites” respectively, as they are connected by high-low inversion relation. 
We propose to use the mineralogical name “indialite” for the two hexagonal 
forms (a- and 8-forms.). When necessary, the a-form should be called “high 
indialite,” and the B-form “low indialite,” as they are connected by high-low 
inversion relation, (The results of the present study with this nomenclature 
are synoptically shown in table 15.) 

It is to be noted that the distinction between cordierite and indialite has 
been firmly established by optical as well as X-ray method, whereas those 
between high and low cordierites and between high and low indialites are 
based only on the optical data, and are not considered to have been established 
so firmly yet. We ourselves do not have any evidence to prove or disprove 
the existence of distinction between high and low indialites (a. and B-forms). 

This study was carried out in the Geological Institute, Tokyo University, 
intermittently from 1951 to 1954, In the winter of 1952-1953, A. Miyashiro, 
then temporarily at Harvard University, found “osumilite” as a by-product 
of the present study. Osumilite is related in crystal structure to, and has 
similar optical and chemical properties with, cordierite. The results are 
published in separate papers (Miyashiro, 1953, 1955). Some petrological 
considerations on the relation between osumilite and cordierite will be given 
in this paper. 

ON 

Hexagonal symmetry of a-Mg,Al,Si;0,;—The a-form of Mg,Al,Si;0,5 
was synthesized by devitrifying glass of that composition at temperatures 
around 1200°C, The X-ray diffraction data obtained by means of the Philips 
Geiger counter X-ray spectrometer are shown in figure 1 and table 2, the 
latter of which shows that it can be perfectly indexed on the basis of a hex- 
agonal unit cell with dimensions: a= 9.782 A and c= 9.365 A, 

Rankin and Merwin (1918) described crystals of the a-form as “six- 
sided prisms with basal termination and negative elongation.” “The prism 
angle, within the limits of error of measurement, was 120°, and basal sections 
gave a nearly or quite uniaxial negative interference figure.” These properties 
are in harmony with hexagonal symmetry. 
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X-ray diffraction curves for natural cordierites from Asama volcano, 
Japan, and from Laramie Range, Wyoming, are shown in figure 1 for com- 
parison. The curves for the a-form and natural cordierites show general simi- 
larity to one another. Every peak in the curve for the former corresponds 
to a peak or a group of a few closely spaced peaks in the curves for the latter. 
The length of the edge a of the a-form is nearly equal to that of the edge b 
of natural cordierites (table 15). Natural cordierite is pseudohexagonal, so 


that the edge a is about \/3 times as long as the edge b. Thus it is probable 


that the a-form and natural cordierite are very similar in crystal structure. 


( SYNTHETIC ) 


SYNTHETIC) 


ASAMA CORDIERITE 


(VOLCANIC ) 


LARAMIE RANGE CORDIERITE 
HEATED 1020°C 10 MINUTES 


LARAMIE RANGE CORDIERITE 
( METAMORPHIC ) 


RADIATION 


Fig. 1. X-ray spectrograms of beryl, q- and B-MgsALSisOis (high and low indialites 
respectively), and cordierites. 
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TABLE 2 


Powder Diffraction Data, a-form of Mg,Al,Si;s0;5 


Indices Intensity 29° 29° 
obs cale 


100 10.42 10.44 

30 18.13 

15 18.96 

21.69 

26.34 

28.41 

29.44 

33.87 

12,0 36.73 

9,2 37.17 

0,4 38.47 

13,1 39.52 
7,3 
12,2 
13,2 
19,0 
13,3 
21,0 
21,1 
94 
12,4 


wow 


OS 


Note: N = h? + k* + Ak. Filtered Cu radiation is used. The reading is taken at the 
mid-point of the peak width at approximately two-thirds of the peak height. (a = 
9.782 A, c = 9.365 A.) In tables 2, 3, 4, 5, and 12, the intensity is assumed to be pro- 
portional to the peak height. 


The pattern in the range of 20 between 29° and 30° for CuKa radiation 
is the most distinctive. There is only one peak in this range in the a-form, 
while there are at least three peaks, (511), (421), and (131), which are 
closely spaced but clearly distinguishable from one another, in this range in 
natural cordierites.* 

Supposing that natural cordierite be slightly deformed to become truly 
hexagonal, the three sets of indices, (511), (421), and (131), becoming 
orthohexagonal ones, are transformed to Bravais-Miller indices, (2131), 
(1231), and (1321) respectively. These planes in the hexagonal lattice have 
the same interplanar spacing. Thus the reflections from them appear at the 
same position in the powder pattern, forming a single peak. This is the reason 
why the three peaks in natural cordierite correspond to a single peak in the 


a-form, whose structure is probably derived by slight deformations from that 
of natural cordierite. 


* The Laramie Range cordierite, shown in figure 1, is very poor in iron (FeOQ=1.71%). 
Prof. H. Shibata of Tokyo University of Education kindly provided us with a specimen 
of an unusually iron-rich cordierite (q@—=1.558, B=1.570, y=1.576, d=2.782) from a 
protolithionite-topaz-bearing metasomatic vein in granite at Yagenyama, Japan (Shibata, 
1939). The X-ray diffractogram of this mineral also shows at least three peaks in the 
range of 24 between 29° and 30°. 
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Figure 1 shows also a diffraction pattern for a beryl from Royalstown, 
Massachusetts. The curves for the a-form and the beryl are very similar, 
though the corresponding peaks are shifted systematically because of the 
smaller size of the unit cell of beryl. All the observed reflections of the a-form 
are compatible with the space group of C6/mce (D¢,*), to which beryl also 
belongs. Thus the a-form is probably iso-structural with beryl, which is com- 
posed of hexagonal rings (Bragg and West, 1926). 

In beryl the hexagonal ring is composed of six Si-O tetrahedra, while in 
natural cordierite the pseudohexagonal ring is composed of five Si-O tetra- 
hedra and one Al-O tetrahedron on the average. The distribution of Si and 
Al atoms in the latter ring need not be random, so far as the ring does not 
have hexagonal symmetry. On the other hand, the true hexagonal symmetry 
of the a-form requires random arrangement of Si and Al atoms in its ring. 

The chemical composition of the a-form is not fixed. The Mg atoms can 
be replaced by Fe*+? partly or wholly, as will be shown later. We also have 
evidence showing that AIAl atoms can be replaced by SiMg atoms to some 
extent, as will be shown in a later paper. 

Tron-analogue of J. F. Schairer and H, S. Yoder, 
Jr. of the Geophysical Laboratory, Carnegie Institution of Washington, 
kindly provided us with an X-ray diffraction diagram for “iron-cordierite” 
(Fe,AL,SisO.s), synthesized by Schairer and Yagi (1952) in the course of 
study of the ternary system FeQ—AI,0,;—SiO,. The curve is very sisnilar to 
that for the a-form of Mg,Al,Si;O,s. There is only one peak in the range of 
26 between 29° and 30°. As shown in table 3, it also can be indexed on 
the basis of the hexagonal unit cell with dimensions: a = 9.860 A and c = 
9.285 A. Thus probably the “iron-cordierite” is not true cordierite, but the 
iron-analogue of to speak, a-Fe,Al,Si;0,s. 

Thus the hexagonal symmetry of a-Mg,Al,Si;0,s5 is confirmed by the 
existence of its iron-analogue, whose unit cell also has a hexagonal shape. 
If the true symmetry of a-Mg,Al,Sis0,. were lower than hexagonal, and if 
the shape of the unit cell coincided accidentally with that of a hexagonal one, 
probably the shape of the unit cell of the iron-analogue would not coincide, 
since the change in composition would cause some deviation of the unit cell 
from the hexagonal shape. 

It is of some interest that the edge a of the iron-analogue is longer than 
that of a-Mg,Al,SisO.s, while the edge c of the former is shorter than that of 
the latter. The cell volume of the former is 781.8 A*; that of the latter is 
776.1 A’. 

Schairer and Yagi (1952) described the “iron-cordierite” as fibrous 
aggregates radially disposed and showing undulatory extinction under the 
microscope. “The crystals show negative elongation and indices were approxi- 
mately a = 1.551, 8 = 1.564, y = 1.574.” They could not determine the 
optical angle directly. If the given indices be accurate, the “iron-cordierite” 
must be biaxial negative, probably owing to optical anomaly, as discussed in 
the next section. 

Anomalous optical properties.—According to the original description by 
Rankin and Merwin (1918), the a-form of Mg,Al,Si;s0,s is nearly or quite 
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TABLE 3 
Powder Diffraction Data, Synthetic “Iron Cordierite” (Fe,Al,Si;0,.) 


Indices Intensity 
NJ cale 


1,0 100 
1,2 

3,2 

4,2 

7,2 

12,0 

0,4 

12,2 

13,2 

13,3 

94 50.71 
? ? 
25,0 53.62 
12,4 54.23 J 

Note: N = h*? + Kk + hk. Filtered Cu radiation is used. The reading is taken at the 


mid-point of the peak width at approximately two-thirds of the peak height. (a = 
9.860 A, c = 9.285 A.) 


uniaxial. Several later investigators, however, reported the formation of 
“synthetic magnesium cordierite” with varied optical angles, such as of 8°, 
30°, 50°, and even 82°, in their dry experiments or in industrial processes 
(Dittler and Kohler, 1938; Shand, 1943; Sugiura, 1951; etc.). As mentioned 
before, the synthetic “iron-cordierite” may also be biaxial. We paid special 
attention to this fact, for it might suggest that those crystals were in some 
structurally intermediate states between the a-form and natural cordierite. 

We examined by means of the Geiger counter X-ray spectrometer a 
“magnesium cordierite” with 2V = 8°, synthesized by K. Sugiura (1951) 
by devitrifying glass of that composition. Its unit cell was found to have a 
hexagonal shape within the limit of experimental error. The unit cell of the 
synthetic “iron-cordierite” was also proved to have a hexagonal shape. As 
will be shown later, cordierite-like crystals in fused sediments from India 
have a unit cell with a hexagonal shape, though their optical angle is highly 
variable. 

Thus, so far as our measurements are concerned, no deviation from 
hexagonal lattice was noticed on these crystals with varied optical angles. 
They are not in any intermediate state between the a-form and natural cor- 
dierite, but in the a-form proper. Their biaxial character is probably due to 
optical anomaly. Thus the most reliable diagnostic character for the identifica- 
tion of the a-form is not the optical angle but the Geiger counter X-ray dif- 
fractogram. 

Certain writers noticed, between crossed nicols, “twinning” in what 
appears to be the a-form. Some of the “twins” are similar in appearance to 
ordinary twins of cordierite, while others are much more complicated. The 
nature of the “twins” is not known yet. They may be only apparent twin-like 
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optical structures, genetically related to optical anomaly, such as was already 
proved, for example, in garnet by Rinne (1925), and in milarite by Ito, 
Morimoto and Sadanaga (1952). It is interesting in this regard that crystals 
of the a-form with larger optical angles generally tend to show more remark- 
able and complicated twin-like optical structure. For example, Rankin and 
Merwin whose crystals were nearly or quite uniaxial, did not notice twin- 
like optical structure, whereas Shand (1943), whose crystals were biaxial with 
an optical angle of about 82°, observed a very complicated twin-like optical 
structure. 
on 

Dr. F. R. Boyd of the Geophysical Laboratery kindly synthesized for us 
cordierite-like crystals with composition Mg,Al,Si;s0,; by the hydrothermal 
method at 775°C. and under a water vapor pressure of 2000 bars. Judging 
from the conditions of their formation, they probably belong to the 8-form of 
Karkhanavala and Hummel (1953). The crystals were so fine grained that 
reliable optical measurement was not possible. The powder diffraction data 
are shown in table 4 and figure 1. 


TABLE 4 
Powder Diffraction Data, 8-form of Mg-Al,Si;0,5 


Indices Intensity 29° 29° 
NJ obs cale 


100 10.44 10.43 
18.10 18.11 
10 19.01 19.00 
64 21.74 21.72 
26.39 26.35 
80 28.43 28.40 
85 29.46 29.44 
33.89 33.89 
36.74 36.70 
38.51 38.51 
39.45 39.48 
40.34 40.35 
41.59 41.62 
42.49 ? 
43.00 43.02 
48.49 48.47 
49.20 49.20 
50.25 50.22 
50.63 50.65 
54.24 54.24 
Note: N = fA? + Kk + Ak. Filtered Cu radiation is used. The reading is taken at the 


mid-point of the peak width at approximately two-thirds of the peak height. (@ = 
9.792 A, c = 9.349 A.) 


to 
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The powder pattern is very similar to that of the a-form, being perfectly 
indexed on the basis of the hexagonal unit cell with dimensions: a = 9.792 
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A and c = 9.349 A, Thus the £-form is also probably hexagonal. This fact, 
taken in conjunction with the optical data given by Yoder (1952), suggests 
that the B-form is probably uniaxial negative, provided that it does not show 
anomalous biaxial character. 

The structural relation between the a- and B-forms is not known. The 
difference in structure between them, even if it exists, must be very slight. 
The 8-form also is iso-structural with beryl. 


INDIALITE, A NEW MINERAL 

It seemed to us that the most promising material for the occurrence of 
the a-form was the famous fused sediments (so-called para-lava) in Bokaro 
coalfield, India. The rocks were found in 1916 by L. L. Fermor and are 
believed to have been produced by the fusion of sedimentary rocks due to 
the burning of underlying coal seams (Fermor, 1924). According to a per- 
sonal communication from Dr. A, P. Subramaniam of the Geological Survey 
of India, the burning took place for some natural cause. Crystals of “cor- 
dierite” in the rocks were noted by Fermor and were recently described in 
detail by Venkatesh (1952, 1954). Dr. M. S. Krishnan and Mr, V. Venkatesh, 
of the Geological Survey of India, kindly sent us two specimens of the fused 
sediments on our request. 


TABLE 5 
Powder Diffraction Data, Indialite from Bokaro Coalfield, India 
Indices Intensity 2@° 
obs cale 
1,0 100 10.42 10.41 | 
3,0 18 18.05 18.08 ~ CuKa 
54 21.68 21.69 
18 25.63 Impurity 7 
43 26.31 26.31 
18 27.80 Impurity 
25 28.38 28.36 
54 29.38 29.38 
21 33.81 33.83 
14 38.47 38.47 
12, ll 54.14 54.15 J 
Note: N=h? + # + Ak. Filtered Cu radiation is used. (a = 9.812 A, c = 9.351 A; 
Specimen 23/951.) 


to 


bo 


| 


a ‘uKa; 


— 
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The specimens are mainly composed of the “cordierite” and glass. X-ray 
diffraction diagrams of the powdered rocks clearly show the pattern of either 
the a- or B-form with a few additional peaks due to admixed other minerals. 
There is only one peak in the range of 24 between 29° and 30° for CuKa 
radiation. Table 5 shows that the powder data of the specimen 23/951 are 
indexed completely on the basis of a hexagonal unit cell with dimensions: 

= 9.812 A and c = 9.351 A. The crystals are colorless in thin sections. 
The refractive indices are » = 1.539 and « = 1.534 in specimen 23/951, 
and » = 1.537 and e = 1.532 in specimen 23/952. Judging from the fact 
that the crystals were formed by dry fusion, they do not belong to the 8-form, 
but to the a-form. If the crystals belonged to the 8-form, they would be trans- 
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formed to the a-form on heating at high temperatures, e.g. at 1000°C. Heating 
of the specimens at 1000°C. for 40 minutes, however, did not cause any ap- 
preciable change in their refractive indices. Thus the “cordierite” is actually 
the a-form of Mg,Al,Si;O,s, in which a part of Mg is replaced by Fet*. If we 
assume that the unit cell dimensions and refractive indices of the a-form 
vary linearly with progressive replacement of Mg by Fet*, the Mg:Fet? 
ratio of the “cordierite” in specimen 23/951 is about 7:3. Thus the a-form is 
a new mineral, and the name “indialite” is proposed for it, as stated before. 

The optical properties of the indialite are of some interest. Specimen 
23/951 contains numerous minute indialite crystals, most of which do not 
show twin-like optical structure between crossed nicols. According to cono- 
scopic observations, some of them are completely or nearly uniaxial negative. 
In other crystals, the central portion is uniaxial negative, while the marginal 
portion is biaxial with optical angles about X smaller than 30°. Specimen 
23/952 contains slightly larger indialite crystals, which show complicated 
twin-like optical structure between crossed nicols. The optical angle of the 
crystals is variable, ranging generally from 50° to 90° about X, Thus the 
degree of optical anomaly seems to be variable. 

Venkatesh (1954) described the twin-like optical structure of the india- 
lite in detail. Though he considered that it is a kind of true twinning of 
cordierite, he noticed differences in shape between it and ordinary twinning 
of cordierite. He states: “The type of twinning found in cordierite seems to 
bear some relation to the nature of the rock in which it occurs. , . . Simple 
and polysynthetic twinning are the most common types in coarse to medium 
grained, gneissic or granular rocks . . . . Some examples of sixlings and trill- 
ings in cordierites from gneisses, pegmatites, etc. have been recorded in the 
literature . . . . Cyclic twinning producing the complex radial and concentric 
patterns, are totally unrepresented in the rocks mentioned above and have 
been observed only in specimen No. 7 . . . .” Specimen No. 7 in the above- 
quoted sentence means the fused sediments now under consideration, 

In the future, indialite may be found in some ordinary pyrometamorphic 
rocks such as inclusions in basalt. 

HIGH AND LOW CORDIERITES 

The probable existence of two kinds of natural cordierites is revealed 
by the relation between the refractive indices and the chemical compositions. 

Reliable chemical and optical data of cordierites from metamorphic 
rocks are shown in table 6 in the order of increasing (Fe+? + Mn)/(Mg + 
Fe+* + Mn) ratio. They are plotted in figure 2, which shows that the B 
index of these minerals increases generally with the (Fet? + Mn)/(Mg + 
Fet*? + Mn) ratio. Some of the points do not fall exactly on a line, probably 
because the refractive indices are slightly influenced by factors other than 
the above ratio. 

Reliable chemical and optical data of cordierites from volcanic rocks 
are shown in table 7 and figure 2. The @ index of these minerals also increases 
generally with the (Fe+? + Mn)/(Mg + Fet? + Mn) ratio. 

It is remarkable that the volcanic cordierites have lower refractive indices 
than the metamorphic cordierites with the same (Fet? + Mn)/(Mg + 
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Fet? + Mn) ratio, as shown in figure 2. The former were probably formed 
at higher temperatures than the latter. As shown in the next section, the 
volcanic and metamorphic cordierites are reasonably considered to represent 
two different kinds, which are probably polymorphic modifications. The kind 
represented by volcanic cordierites is called “high cordierite,’ while that 
represented by metamorphic cordierites is called “low cordierite.” (In this 
paper cordierites in inclusions in igneous rocks are treated not as meta- 
morphic cordierites but as igneous cordierites, for such cordierites are con- 
sidered to have been formed under similar physical conditions with the 
igneous rocks.) 
The two kinds both have large optical angles. 


TABLE 6 
Atomic Ratios of Cordierites from Metamorphic Rocks, 
Calculated on the Basis of O = 18 (excluding Oxygen in H,O) 
Nos. 1 2 3 4 5 6 7 8 
Si 5.02 4.93 5.04 5.02 499 495 5.17 5.07 
0.98 1.07 0.96 0.98 1.01 1.05 0.93 
2.92 2.75 2.93 2.60 3.00 3.00 2.99 
0.03 0.00 — — 0.00 0.00 0.00 
0.11 0.08 0.02 0.17 0.05 0.04 * 0.03 
0.19 0.28 0.55 0.70 0.72 ; 0.76 
1.64 1.86 1.46 118 81.21 1.03 
0.01 0.10 0.01 0.00 0.02 0.01 
0.03 0.00 — 0.06 0.02 0.06 
0.03 0.07 — 0.04 0.09 
0.01 0.00 — 0.00 0.01 0.05 
0.46 0.96 0.64 0.23 | 0.21 
0.00 f 0.00 


0.36 0.64 


Mg+Fet?+Mn* 100 =—:10.9 17.0 27.8 304 37.2 37.7 42.1 42.6 
d 2.588 — 2.588 2.598 2.64 2.631 2.650 — 
a 1.527 1.534 1.537 — 1538 1.544 1.543 1.543 1.547 
B 1.532 (1.538) 1543 — 1.542 1.550 1.548 1.550 1.552 
Y 1.538 1.543 1548 -- 1547 1556 1.553 1.557 1.557 
2V over Z 88° 76° 99° 81°-95° 84° 85°-95° 89° 94°-103° 


Note: Al atoms are divided into two groups, the upper of which belongs to the pseudo- 
hexagonal rings. The contents of H2O + and H.O- are given in molecular ratios on the 
same basis. 

. From cordierite-anthophyllite gneiss at Attu. By Pehrman (1932). 

. From cordierite gneiss in Antarctica. By Tilley (1940). 
3. From cordierite-anthophyllite rock at Pernio. By Eskola (1914). 

. From garnet-sillimanite-cordierite gneiss in Madura, By Krishnan (1924). 

. From garnet-spinel-cordierite-biotite-hornfels at Belhelvie. By Stewart (1942). 


. From garnet-sillimanite-spinel-cordierite gneiss in Great Slave Lake area. By Folinsbee 
(1941). 


. From veined gneiss at Ilmajoki. By Pehrman (1932). 


8. — eget aa cordierite deposit in Laramie Range. By Newhouse and Hagner 
( 


. From a metasediment in Kalanti. By Hietanen (1943). 
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TABLE 7 
Atomic Ratios of Cordierites from Volcanic Rocks, 
Calculated on the Basis of O = 18 (excluding Oxygen in H.O) 


Nos. 2 
si 4.98 
0! 1.02 
2. 2.90 
Ti _ 
Fe+ 0.24 
Fet+? 0.79 
Mg 1.01 
Mn 
Ca 
Na 
K 
H.O + 
H.O 


Fet*+Mn _ 
Mg+ Fet?+Mn* 100 


2V over Z 


From biotite-hornblende andesite at Kasyo-to. By Ichimura (1936). 
From garnet-cordierite-mica andesite at Cabo de Gata. By Osann (1888). 


© Metamorphic rocks 

* Plutonic rocks, pegmatites, 
& quartz veins 

xX Volcanic rocks 


20 30 40 50 
Fe 4Mn 


Fig. 2. The 8 index of cordierites in various modes of occurrence, The symbols 
indicate the host rocks, 
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HEATING EXPERIMENTS OF NATURAL CORDIERITES 

Localities and modes of occurrence of the samples 

(1) Kasyo-to is a small volcanic island, about 30 km east of Formosa 
(Taiwan). Cordierite occurs on the island as porphyritic individuals, up to 
1 cm long, in hypersthene-hornblende andesite, olivine-hornblende andesite, 
and olivine-hypersthene-hornblende andesite (Ichimura, 1936). 

(2) Asama is an active volcano, 2542 m high, lying about 130 km north- 
west of Tokyo. It is mainly composed of augite-hypersthene andesite which 
contains numerous cordierite-bearing inclusions, probably derived from sedi- 
mentary rocks. The inclusions are composed of quartz and cordierite, together 
with varied amounts of andalusite, sillimanite (mullite ?), plagioclase, opaque 
mineral and glass. The highest temperature of lava in the crater was about 
1050°C, according to T. Minakami. 

(3) Cordierite deposits in the Laramie Range, Albany County, Wyom- 
ing, were formed by metasomatic replacement in metanorite (Newhouse and 
Hagner, 1949). 

(4) The sample of cordierite from Orijarvi is a large crystal, probably 
formed by metasomatism (Eskola, 1914; etc.). 

(5) At Nyoidake, east of Kyoto, cordierite occurs in cordierite-biotite 
hornfels in the inner aureole around a granite mass. 

Preliminary heating experiment at 1000°-1050°C.—Natural cordierites 
were heated at 1000°-1050°C. in an electric furnace in air and taken out to 
cool. The refractive indices for yellow light were measured on the cooled 
samples by the immersion method. The results are shown in table 8. 

Thus, low cordierites show notable decrease in B index after a short 
period of heating. On the other hand, high cordierites show no appreciable 
change in 8 index on short heating, though they show slight increase in B 


TABLE 8 
Heating Experiments of Cordierites and Osumilite at 1000°-1050°C. 


Kinds Locality Host-rock Refr, indices Refr. indices Time of 
before heating after heating heating 
(in min.) 


Kasyo-to Andesite B=1.533 B=1.533 20 


High Asama Xenolith in 
cordierite andesite 


— guise B=1.545 80 


andesite 
Laramie Metamorphic B=1.548 B=1.543 10 


Low Range deposit 2Vz—92°-103° 2Vz—93°-110° 


B=1.540 B=1.540 20 


—Orijievi =1. B=1.535 


a—1.541 

Nyoidake Hornfels B=1.545 

y= 1.548 

Osumilite Sakkabira Plagioliparite @—1.549 e— 1.549 
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index on prolonged heating, probably owing to gradual oxidation of the iron 
contained in the mineral. 

The decrease in 8 index of low cordierites is of the same order of magni- 
tude as the difference in refractive indices between high and low cordierites 
having the same (Fe+? + Mn)/(Mg + Fet® + Mn) ratios, Hence, low 
cordierites acquire, on heating at 1000°-1050°C., optical properties similar to 
those of high cordierites. Thus it is suggested that low cordierites are trans- 
formed to high cordierites on heating. 

Change in refractive indices of Laramie Range cordierites on heating.— 
In order to elucidate the process of decrease in refractive indices of low 
cordierites on heating, systematic heating experiments were carried out on 
two specimens of cordierites from Laramie Range. 

The procedure of the experiments is as follows. Many small samples 
were prepared from the specimens. Each sample was heated at a certain 
temperature, and then cooled in air. The refractive indices for yellow light 
were measured on the cooled samples by the immersion method. 

Specimen 1: FeO = 7.06%. The refractive indices before heating were 
a = 1.542, 8B = 1.548, and y = 1.555. The results of heating are shown in 
table 9 and figure 3. On heating at 700°C, or lower temperatures, the indices 
remained practically unchanged. On heating at 800°C, or higher temperatures, 
the indices decreased within 10 minutes to the following values: a = 1.536, 
8 = 1.543, y = 1.550. The optical angles were large before as well as after 
heating. Thus the transition took place at temperatures between 700° and 
800°C, in this case. 

Specimen 2: FeO = 1.71%. This is exceptionally poor in FeO among 
natural cordierites. Thus the transition can hardly be ascribed to any change 
of the state of iron in the structure. The refractive indices before heating 
were a = 1.536, 8 = 1.541, y = 1.546. 

At first the samples were heated at varied temperatures for 10 minutes 
each. The results were shown in table 10 and figure 4. Thus the refractive 
indices decreased, not abruptly at a definite temperature, but gradually 
through the temperature range from 930° to 1000°C. 


TABLE 9 
Changes in Refractive Indices of the Laramie 
Range Cordierite 1 on Heating 


Temp. Time of heating in minutes 
in degrees C, 


7 
Room temp. 54! 1.555 


1.548 
350 1.548 
400 1.548 
500 1.547 
600 1.548 1.548 
700 1.542 1.548 1.555 1.547 
800 1.536 154 1.544 
900 1.543 1.544 
1000 1.536 1.543 1.550 
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Tasie 10 
Changes in Refractive Indices of the Laramie 
Range Cordierite 2 on Heating 


Temp. Time of heating in minutes 
in degrees C. 


Room temp. i 1,546 


1.546 
1.545 
1.545 
1.543 
1.539 
1.538 
1.538 
1,535 
1.535 


-o ——Heated for 10 minutes 


—x Heated for 60 minutes 


400 500 600 700 800 900 1000 1100 
Temperature (°C ) 
Fig. 3. Decrease in refractive Fig. 4. Decrease in 8 index of Laramie 
indices of Laramie Range cordierite Range cordierite no. 2 on heating at varied 


no. 1 on heating at varied tempera- temperatures for 10 minutes each and for 
tures for 10 minutes each, 60 minutes each, 


Temperature (°C ) 


Then the samples were heated at varied temperatures for 60 minutes 
each. The results are also shown in table 10 and figure 4. The transition took 
place through the temperature range from 590° to 900°C, in this case, Thus 
prolonged heating caused transition at lower temperatures. 

A definite temperature range for the equilibrium transition is very 
difficult to establish, because longer heating at lower temperatures may cause 
transition as well. The gradual decrease in refractive indices suggests that the 
transition is of the second order. The transition from high to low cordierite 
does not take place in any case, so far as we have tried. The preservation of 
high cordierite in volcanic rocks is in harmony with this fact. 

Change in optical angle of Nyoidake cordierites on heating.—In order 
to elucidate the process of change in optical angle of low cordierite on heat- 
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a B Y B 
1.541 
590 1.541 
690 1.537 
800 1.536 1.541 1.532 
900 1.536 1.541 1.530 
930 1.536 1.540 
950 1.533 1.536 
960 1.532 1.535 
970 1.530 1.533 
980 1.528 1,533 
1000 1.525 1.530 
1020 1.525 1.530 
1.550 
\ B 
x \ 
a 
1.540 1-530 
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ing, a systematic heating experiment of cordierites from cordierite-biotite 
hornfels at Nyoidake was carried out. The crystals showed ordinary pseudo- 
hexagonal twinning. The two sectors in opposite positions of a twinned crystal 
have the same optical angle, though different pairs of sectors have generally 
different optical angles. Thus, for example, the optical angle 2V over Z in 
the three pairs of twinning sectors of an unheated crystal were 98°, 104°, and 
114°. In another unheated crystal, they were 96°, 100°, and 114°, 


Taste 11 
Changes in Optical Angle of Nyoidake Cordierites 
on Heating around 1000°C. 
Time of heating Number of 


in hours twinned crystals 2V over Z 
measured 


Before heating 3 96°—114° 
1 80°—104° 
4 : 84°—102° 

33 85°—94° 


Such cordierites were heated around 1000°C. for various lengths of time. 
The results are shown in table 11. Thus 2V over Z became slightly smaller on 
heating within the first hour, and did not change any more even with a very 
long period of further heating. In all cases before and after heating the optical 
angles were large. (During the heating, borders of the cordierite grains be- 
came gradually reddish brown, probably through oxidation, while the central 
portions were colorless even after 50 hours of heating.) 

Probably the change in optical angle took place within the first 10 
minutes, simultaneously with the decrease in refractive indices, 

Emission of water from Laramie Range cordierite on heating.—Natural 
cordierites have variable contents of water. The water is unessential to the 
mineral, being probably stuffed in the pseudohexagonal tunnels of the struc- 
ture as H.O molecules. 

The water content of a high cordierite shown in table 7 is of the same 
order as those of low cordierites in table 6. Hence the systematic difference 
in refractive indices between high and low cordierites can not be ascribed to 
a difference in water content, so far as these chemical analyses are reliable. 

This view has been confirmed by the results of the following heating 
experiments. The specimen used in this case is the same as specimen 1 of 
Laramie Range cordierite, previously used in the measurement of change in 
refractive indices on heating. The specimen before heating contained 7.06% 
FeO, 1.63% H.O+, and 0.00% H,O-. Heating at 650°C. for 10 minutes 
did not cause any decrease in refractive indices, while heating at 800°C, for 
10 minutes caused a decrease as shown before. The two samples, heated at 
650° and 800°C., were again heated strongly on the Mecker burner to de- 
termine their ignition losses, The ignition loss of the sample previously 
heated at 650°C. was 0.86%, while that of the sample previously heated at 
800°C. was 0.69%. Thus, the difference in ignition loss is only 0.17%, that 
is, only one-tenth of the original water content, in spite of taking place of 
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the transition between 650° and 800°C. The transition has probably no 
serious connection with the loss of water on heating. 

X-ray data.—Diffraction diagrams of an iron-poor cordierite from 
Laramie Range (specimen 2 in heating experiment) were taken before and 
after heating that caused transition, as shown in table 12 and figure 1, The 
most remarkable change is an increase in intensity of a peak with 26 at 
about 21.7° for CuKa radiation. The change in unit cell dimensions is almost 
imperceptible. 

TABLE 12 
Powder Diffraction Data of Cordierites 


High cordierite Cordierite from Laramie Low cordierite from 
from volcano Asama Range, heated around Laramie Range 
(unheated ) 1000°C. for 10 minutes (unheated) 


20 I 26 I 20 
10.30 100 10.36 100 10.36 
17.92 13 18.00 18.04 
18.16 7 18.20 18.23 
18.96 10 18.96 18.98 
21.70 73 21.68 21.70 
26.29 70 26.28 26.30 
26.36 54 26.39 26.40 
28.24 31 28.28 28.30 
28.40 47 28.44 28.47 
29.18 42 29.26 29,31 
29.26 43 29.35 29.40 
29.51 34 29.58 29.59 
33.68 22 33.79 33.82 28 
33.94 10 34.01 8 34.05 12 


= 


Note: Filtered Cu radiation is used. The reading is taken at the top of the peak. Thus 
the values are practically those for CuKan. 

Diagrams for a few other low cordierites were also compared with those 
of the same samples after heatirig that caused transition. Some of them showed 
changes in intensities of peaks in a similar way but to a smaller extent, and 
others showed little change. Such a change in intensity may be interpreted 
in various ways. It may be due to slight structural changes, though it is 
possibly due to some cliange in preferred orientation of powder grains. 

The crystal structure of cordierite was studied in detail by K, Takane 
and T, Takeuchi (1936) and also by A. Bystrém (1942). The former investi- 
gators used a specimen from a quartz vein at Hitati, which probably belongs 
to low cordierite (table 14). The latter used a specimen from Risér, a part 
of which we obtained from Mrs. A. Bystrém through arrangements made by 
Prof. C. Frondel of Harvard University. It showed notable decrease in refrac- 
tive indices on heating as follows: 

a = 1.530, 8 = 1.535, y = 1.539 before heating, and 

a = 1522, 8 = 1.527, y = 1.532 after heating around 1000°C. for 10 


minutes. Therefore it also belongs to low cordierite. 
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Though all these investigators adopted the point group mmm (D.,) and 
the space group Cecm (D.;°°) as a basis of their structure studies, Takane 
and Takeuchi state that they observed, under a favorable condition, very 
weak reflections incompatible with this space group—such as (401), (601), 
(801), and (10,0,1). If such reflections are taken into consideration, and if 
the point group mmm is adopted, the space group of low cordierite is probably 
Cemm (D,.'"). We think, however, that the point group of cordierite is not 
certain. Hence the space group of high and low cordierites should be regarded 
as uncertain. 

Thus, though we have not reached any definite conclusion on this prob- 
lem, it is conceivable that the structural difference between high and low 
cordierites lies in the manner of distribution of Al, Mg, and Fet? atoms 
between four- and six-coordinated positions linking the pseudohexagonal 
rings. 


TaBLe 13 
Atomic Ratios of Cordierites from Plutonic Rock, Pegmatites, and 

Quartz-Veins, Calculated on the Basis of O=18 (excluding Oxygen in H,O) 
Nos. y é 4 5 6 8 
Si 5.05 4.94 4.94 4.95 4.83 
Al 0: 1.06 1.06 117 
Al 2.92 2.95 2.88 2.95 2. 2.81 
Ti -—— 0.00 
Fe+ 0.09 0.01 13 
Fet* 5 .42 0.57 0.74 22 1,43 
Mg . 1.35 1.25 45 0.25 
Mn 0: - 0.01 od 0.11 
Ca : 0.00 
Na - - 0.11 
K 0.06 
+ 0.69 | 
H.O 1.15 0.07 


2593 2607 26832 260 233 — — — 
1.5392 1.5403 1.5364 1.5520 1.543 1.536 1.555 1.558 
1.5443 1.5460 1.5431 1.5599 1549 1.539 1.566 1.568 
1.5475 1.5483 1.5462 1.5610 1.555 1.543 1571 1.573 
OV over Z 110° 


From quartz vein cutting mica-schist at Mont Bity. By Dupare, Wunder, and Sabot 
(1911). 

From pegmatite cutting gneiss at Guilford. By Farrington (1892) and Oppenheimer 
(1914). 

From andalusite-bearing muscovite-biotite-cordierite quartz vein cutting schistose 
metamorphic rocks at Hitati. By Takeuchi (1935). 

From pegmatite at Haddam. By Oppenheimer (1914). 

From quartz monzonite in New Hampshire. By Heald (1950). 

From cordierite-biotite-microcline-andesine pegmatite at Degero. By Pehrman (1932). 
From garnet-andalusite-bearing biotite-microcline-plagioclase pegmatite at Dosi, By 
Shibata (1936). 

From cordierite-biotite-microcline pegmatite at Sasago. By Shibata (1936). 
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CORDIERITES FROM HYPABYSSAL ROCKS, PLUTONIC ROCKS, 
PEGMATITES, AND QUARTZ VEINS 

The natural cordierites hitherto treated in this paper were from volcanic 
and metamorphic rocks. It is interesting to examine cordierites of other modes 
of occurrence. 

Chemical and optical data of cordierites from a plutonic rock, pegmatites 
and quartz veins are shown in table 13 and figure 2. Most of these cordierites 
show still higher refractive indices than metamorphic cordierites. This is 
probably due, at least partly, to a systematic difference in alkali content be- 
tween these and metamorphic cordierites. If so, heating experiment is neces- 
sary to decide which modification a particular cordierite belongs to. 

Four cordierites from pegmatites and quartz vein were heated around 
1000°C. as shown in table 14, They showed notable decreases in refractive 
indices. Hence they are low cordierites. 

A big cordierite xenocryst in biotite-granite porphyry from Seto, Arii- 
mura, Minami-muro-gun, Mie prefecture, was heated around 1000°C. for 20 
minutes. The 8 index was 1.542 before heating, and became 1.537 after heat- 
ing. Thus it also belongs to low cordierite. (The biotite-granite porphyry 
occurs in genetical association with rhyolite. All the volcanic cordierites that 
we examined came from basaltic and andesitic rocks. It will be of interest to 
determine in the future which modification cordierites from rhyolite belong 
to.) 

TABLE 14 
Heating Experiments of Cordierites from Pegmatite and 
Quartz-Vein around 1000°C. 


Time 
Locality Host-rock Refr. index Refr. index of heating 
before heating after heating in minutes 


B=1.535 15 


Hitati, Quartz-vein 
Japan 

Haddam, Pegmatite 
Conn. 


B=1.543 10 


a=1.532 


Guilford, Pegmatite B=1.536 10 
Conn, y= 1.539 


a—1.544 
Micanite, Pegmatite af B=1. 549 


Colorado 57: 555 


STABILITY RELATION BETWEEN INDIALITE AND CORDIERITE 
There are high-low inversion relations between high and low indialites 
and between high and low cordierites, as stated above. However, the stability 
relation between indialites and cordierites is not certainly known yet. So far 
as we have tried, indialite and cordierite can not be transformed to each other. 
Cordierite occurs in various kinds of rocks, which were formed at widely 
different temperatures. For example, cordierite in low grade metamorphic 


? Prof. F. Stella Starrabba of the University of Catania kindly provided us with a speci- 
men of an inclusion containing cordierite from the Etna lava of the year 1669, The X-ray 
spectrogram confirmed that the mineral is truly cordierite. (The 1669 lava is composed of 
olivine-augite andesine-basalt.) 
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p=1546 
p=1.561 
@=1.539 
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rocks was formed probably at low temperatures (presumably at 300°C. or 
so), while cordierite in volcanic rocks was formed probably at high tempera- 
tures (presumably at 700°-1200°C.). On the other hand, indialite is very rare 
in nature. Probably high and low cordierites are stable at high and low temp- 
eratures respectively below the decomposition point, while high and low 
indialites are metastable in all cases. 

The existence of crystals in some structurally intermediate state between 
indialites and cordierites is not impossible, as the crystal structures of cor- 
dierites are derived by slight deformations from those of indialites. However, 
we have not found such an example. 

The results of the present study are synoptically shown in table 15. 


RELATION OF OSUMILITE TO CORDIERITE 

At the beginning of our study of cordierite, A, Miyashiro was interested 
in the fact that nearly or completely uniaxial positive “cordierite” was re- 
ported to occur characteristically in volcanic rocks, He thought that such 
“cordierite” might represent a high temperature form of the mineral. He 
made a detailed study of one such uniaxial positive “cordierite.” The sample 
examined is from biotite-bearing hypersthene plagioliparite in Sakkabira, 
Tarumizu-mati, Kagosima prefecture. Kyusyu, Japan. He found that it is not 
cordierite, but a new hexagonal mineral. It was named “osumilite” after 
Osumi, the province to which Sakkabira belongs (Miyashiro, 1953, 1955). 
The theoretical formula is as follows: 

(K.Na,Ca) ;(Si,Al) :2050.H,0. 

The quantities of (K,Na,Ca) and H.O are probably variable to some extent 
(table 15). 

So far as we have observed, all osumilite crystals are optically uniaxial 
positive. But certain persons have stated that some crystals are optically bi- 
axial with variable optical angles. Indeed. some osumilite may show anomalous 
biaxial character. Osumilite, being composed of hexagonal double rings 
(Si,Al) :2Ox0, is iso-structural with milarite, which is optically biaxial in spite 
of exhibiting hexagonal symmetry for X-ray as well as for morphological 
study. 

Osumilite from Sakkabira occurs in the groundmass and in cavities of 
the host rock. As discussed in another paper (Miyashiro, 1955), descriptions 
are found in the literature of minerals which were identified as cordierite but 
we think to be probably osumilite, judging from their optical and chemical 
properties. They all occur in the groundmass or cavities or in inclusions in 
voleanic rocks. Recently Aoki (1954) reported another example of what 
appears to be osumilite in the groundmass of hypersthene-bearing hornblende- 
biotite plagioliparite (or biotite plagioliparite) in the vicinity of Haneyama, 
Oita prefecture, Kyusyu. Thus osumilite occurs only in volcanic rocks as a 
constituent of the groundmass or in cavities or as a constituent of inclusions, 
but not as porphyritic crystals, so far as we are aware at present. 

On the other hand, high cordierite occurs only in volcanic rocks as 
porphyritic crystals or as a constituent of inclusions, (It is not known whether 
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the porphyritic crystals are true phenocrysts crystallized from magma, or 
xenocrysts incorporated from outside. ) 

As is well known, minerals which are stable at high temperatures or 
low pressures or both, such as tridymite, cristobalite, and pigeonite, occur 
in the groundmass of volcanic rocks, but very rarely as porphyritic crystals. 
Since osumilite occurs in the groundmass, but not as porphyritic crystals, it 
may be stable at high temperatures, low pressures, or both. 

The chemical composition of osumilite differs slightly from that of 
cordierite. Hence, chemical environment also will play a role in controlling 
the formation of one or other of them. For example, as osumilite is higher 
in alkali content than cordierite, high concentration of alkalies in acid resi- 
duum during crystallization of volcanic magma may favor the formation of 
osumilite in the groundmass and in cavities. As osumilite can accommodate 
iron perhaps more easily than cordierite, high concentration of iron in acid 
residuum also may play a role in this regard. 
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STUDIES IN THE SYSTEM CaQO—MgO—CO,. 
PART 1 


THE THERMAL DISSOCIATION OF CALCITE, 
DOLOMITE AND MAGNESITE* 


R. I. HARKER and O. F. TUTTLE 


ABSTRACT. Apparatus has been designed and constructed for studies at elevated 
pressures and temperatures in systems containing CO: as the fluid phase. 

The univariant pressure (CO.)-temperature curves for the thermal dissociation of 
calcite, dolomite and magnesite have been determined between 100 and 500 pounds per 
square inch for calcite and up to 40,000 pounds per square inch for dolomite and magne- 
site. With rising temperature, the order of thermal dissociation to oxide + COz under 
conditions of equilibrium is found to be magnesite, dolomite and calcite throughout the 
ranges of pressure used in these experiments. 

INTRODUCTION 

Following the advances made during the past few years in the field of 
hydrothermal synthesis of minerals at elevated temperatures and pressures, 
attempts have been made to apply analogous techniques to the study of 
systems in which CO, is the fluid phase. 

Owing to the widespread occurrence of limestones and dolomites in 
the Earth’s crust, a knowledge of the limits of stability of their essential 
constituent minerals and of the minerals to be found in their metamorphic 
derivatives could throw much light on conditions of pressure and tempera- 
ture prevailing during their formation. 

Much work has been done in the past on the dissociation of calcite, dolo- 
mite and magnesite, including studies in the mechanism and products of 
dissociation and on the rates of dissociation under varying conditions. At- 
tempts have also been made to locate the dissociation curves with respect to 
pressure and temperature, but when this has been done experimentally the 
pressures and temperatures involved have been relatively low. (The work of 
Smyth and Adams (1923) on CaCO, is an important exception to this.) 
P-T curves have been drawn for higher temperatures and pressures from 
thermodynamic data. 

This paper is concerned with the work that has been done in this labora- 
tory on the direct experimental determination of the P-T curves for the dis- 
sociation of calcite, dolomite and magnesite as part of a study of the phase 
relations in the Ca©0—MgO—CO, system. 

Of the three carbonates mentioned above the study of dolomite has the 
most widespread geologic applicability. The relatively high temperatures 
required to decompose calcite in the Earth’s crust explain the rare occurrence 
of CaO as a natural mineral, Magnesite on the other hand, although it dis- 
sociates at lower temperatures and pressures than dolomite, is itself less 
common than either dolomite or calcite. 

Apparatus.—Runs have been carried out at controlled temperatures and 
pressures in cold-seal pressure vessels (Tuttle, 1949). These are mounted 
vertically on a bench such that the closed ends of the vessels are uppermost. 
* Contribution no. 54-21 from The College of Mineral Industries, The Pennsylvania 
State University. 
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Fig. 1. Schematic drawing of the apparatus used for studies in the system CaQ— 
Mg0—CO: at elevated pressures and temperatures. F —= Furnace, P = Pressure vessel, 
V Valve, G = Gauge (diameter 6 ins.). Th.1 = Furnace control thermocouple, 
Th.2 = Temperature measuring thermocouple. 


They are heated externally by nichrome wire furnaces which are mounted on 
vertical posts and which can be lowered onto, or raised off, the pressure 
vessels in order to heat them or to allow them to be quenched as necessary 
(fig. 1). The temperatures of the runs are controlled by galvanometer-type 
controllers, and the temperature of each pressure vessel is continuously re- 
corded on a strip chart recorder, To each pressure vessel a Bourdon gauge is 
attached so that the pressure in each unit may be read separately and at any 
time. Each unit is thus isolated so that a leak in one unit does not affect the 
others. The temperatures from which the P-T curves have been drawn are 
believed to be accurate to +7°C. and the pressures above 1000 lbs./in.? to 
+500 Ibs./in.*. Below 1000 lbs./in.? the accuracy is estimated to be +50 
Ibs. /in.? and below 500 Ibs./in.? to be 15 lbs./in.’. 

The pressure is supplied by a pump which operates on the same principle 
as the pump designed and described by Roy and Osborn (1952) in which 
the pressure is obtained by a hydraulic ram F (fig. 2). In the design illus- 
trated the compression chamber C and the cylinder D are fixed while the 
piston E is rammed upwards. The chamber is sealed at its lower end by a 
Bridgman unsupported area seal mounted at the upper end of the piston. To 
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operate the pump, valve A is opened allowing CO, to pass into the compression 
chamber. When the piston has been lowered to its fullest extent the valve A 
is closed. The piston is then raised again by means of the ram F, operated 
by the hydraulic jack G, until the required pressure on the gauge I has been 
obtained. Valve B is then opened and the pressure thus applied to the line. 
B is then closed and the operation can be repeated as often as necessary, The 
cylinder which supplies CO, to the pump is inverted so that it is tapped from 
its lower end. This enables liquid CO, to enter the pump when the room 
temperature drops below the critical temperature of CO. 


To Pressure From CO, 


Vessels 4 Supply 
T 


— A} — 


Fig. 2. Schematic drawing of pump used for compressing COs. A and B = Valves, 
C= Compression Chamber, D = Compression cylinder, E = Piston, F = Ram of Jack, 
G = Commercial Jack, H = Channel-iron frame, I —= Gauge (diameter = 6 ins.). 
(Modification of pump designed and described by Roy and Osborn, 1952.) 


Experimental procedure and results.—The starting materials which were 
used in these experiments were wrapped in gold foil before being inserted 
in the pressure vessels. 

In the majority of the runs made the policy has been to use, as starting 
materials in a given experiment, both the carbonate in question and its de- 
composition products. For example, when the dissociation of calcite was 
being investigated, both calcium carbonate and lime, contained in separate 
gold foil envelopes, were subjected to the same conditions of pressure and 
temperature in one pressure vessel. 
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At the conclusion of all the runs carried out on these carbonates both 
the pressure and the temperature were dropped simultaneously, If the pressure 
vessel was quenched before the pressure inside it was released, it was found 
that both lime and periclase could react to some extent with CO, to form 
carbonates during the quench even though, when cold water was used, this 
took only about 15 seconds. No attempt was made to lower the pressure prior 
to quenching as there would then have been a tendency for any carbonates 
which may have been in the products to dissociate, This would have been 
no less misleading than having the oxides converted to carbonates on quench- 
ing. 

The products of the runs were identified by their optical properties and 
by their X-ray power diffraction patterns. The latter were recorded by a 
Phillips X-ray spectrometer and the standard patterns corresponding to the 
phases involved are shown in figure 3. In this figure, the peaks of the car- 
bonate patterns have been indexed with respect to the rhombohedral axes. 

Calcite—The P-T curve for the dissociation of calcite has been deter- 
mined previously experimentally by Smyth and Adams (1923). They used 
pressures up to 779 x 10°mm Hg and they located the curve by differential 
thermal analysis. As our apparatus is designed for the more direct observation 
of how the products differ from the initial materials, it was considered ad- 
visable to make a few runs on this dissociation. 

The calcite used for these runs was the analytical reagent of the Fisher 
Scientific Company. A sample of this carbonate was placed in a furnace at 
1400°C. for a sufficient length of time for all the CO. to be driven off but 
the sample was removed before the lime which was produced could recrystal- 
lize into coarse particles. This lime and the original carbonate constituted the 
basic starting materials for the calcite runs and they had the advantage of 
being both chemically pure and fine grained. 

On the high temperature side of the P-T curve the products showed lime 
developing partially or completely at the expense of the original calcite while 
the original lime remained unaltered or had become recrystallized. If the 
run was made on the low temperature side of the curve then the original 
particles of lime developed pronounced rims of calcite while the original 
calcite readily recrystallized into euhedral rhombohedra. 

Details of the significant runs carried out on this curve are to be found 
in table 1, from which the P-T curve in figure 4 has been drawn. 

The curve derived from these runs lies appreciably to the left of that 
deduced by Smyth and Adams. This may be due to the difference in the 
two methods because Smyth and Adams derived only heating and not 
eooling curves on their D.T.A, apparatus, They were thus approaching the 
curve only from one side, and although they were aware of super heating 
phenomena these may have had a greater effect than originally anticipated. 

Dolomite.—Dolomite was found to dissociate initially according to the 
following equation as shown by the products of the runs: CaMg(CO;).= 
CaCO, + MgO + CO.. The P-T curve was determined as for calcite, except 
that a slightly greater variety of starting materials was used. In addition to 
using an intimate mix of dolomite composition consisting of calcium and 
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Fig. 3. Standard X-ray powder diffraction patterns, A — Lime, B = Periclase, 
C = Dolomite, D = Magnesite, E = Calcite. (Radiation CuKg.) 
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TABLE 1 


CaCO,—CaO + CO, 


Temp. Pressure Products 
Run Initial Materials lbs./in.* 


1120 500 Ct (+ CaO) 
CaO (+ Ct) 
CaO + Ct 
CaO (+ Ct) 
Ct (+ CaO) 
: CaO (+ Ct) 
1100 Ct 
Ct + CaO 
CaCO; 1080 y Ct 
Ct 
CaO Ct + CaO 


” 


CaCO; 1130 CaO 

Ct Ct + CaO 
CaO CaO 

CaCO; 1100 J CaO (+ Ct) 

CaCO; 1070 = CaO (+ Ct) 
Ct 

CaO CaO 
CaCO; 1030 7 y Ct 
Ct ‘ ” 
CaO Ct + CaO 


” 


” ” 


CaCO; 1050 CaO 
CaO 
CaCO; 1030 CaO (+ Ct) 
Ct 

CaO 

Ct 1010 = CaO + (Ct) 
CaCO; 

CaO 

Ct 980 

CaCO; “ 

CaO = Ct + (CaO) 


” 


CaCO; = Calcium carbonate, Fisher's analytical reagent 
Ct = Synthetic calcite 

CaO —= Synthetic lime 

Brackets — “a trace of” in products 
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magnesium carbonates as chemical reagents, synthetic dolomite was also used 
as a starting material. A natural dolomite from Haley, Ontario was also avail- 
able through the kind cooperation of Dr. M. L. Keith, and we are grateful 
to Dr. R. A. Howie of Manchester University, England, for carrying out an 
analysis of this material, the result of which is given below in table 2. 

P-T conditions corresponding to points on the high temperature side of 
the dissociation curve were indicated by the production of periclase at the 
expense of dolomite. On the low temperature side of the curve the dolomite 
remained stable and readily recrystallized while dolomite was formed from 
the mix of calcium and magnesium carbonates. A list of the significant runs 
which were made to determine the P-T curve for the dissociation of dolomite 
is given in table 3 and the curve itself is shown in figure 5. 

Goldsmith and Graf (1953) reported on their determination of this 
equilibrium P-T curve at pressures up to 65 atmospheres and recently they 
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Fig. 4. Univariant pressure (CO2)-temperature curves for the dissociation of calcite 
according to the following equation: CaCO; = CaO + COkx. 
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TABLE 2 

SiO, 0.12 
Al,Os nil 
TiO, nil 
tr 
FeO 0.22 
MgO 21.12 Cay; 036 (Mg,Fe) 0.985 Os 
MnO nil 
CaO 31.27 
CO, 47.22 
H.0 0.02 

99.97 


have extended their studies to 10,000 lbs./in.* (personal communication) 
where our results overlap theirs, The agreement at this pressure is excellent: 
they report 792°C, against our value of 795°C. 

It was observed that in some of the runs, e.g. no. 4, periclase appeared 
in the products on the low temperature side of the dolomite P-T curve. Run 
no. 4 was carried out on the high temperature side of the magnesite P-T 
ee 
@ Dolomite 


Dolomite + Calcite 
© + Periclase 


O Calcite + Periclase ) 


30 


nm 


PRESSURE 


oO 


xr 
O 
ac 
< 
oc 
a 
” 
> 
a 


600 2 7000 
TEMPERATURE : (°C) 


Fig. 5. Univariant pressure (CO.)-temperature curve for the dissociation of dolomite 
according to the following equation: CaMg(COs)2 — CaCO, + MgO + CO,. 


@ 
Oo 
= e @ 
@/0O 
Oo 
400 5 


Dissociation of Calcite, Dolomite and Magnesite 217 


curve where there is a tendency for some of the magnesite in a carbonate 
mix to dissociate if it is unable first to react with the calcite to form dolomite. 
The periclase so formed is metastable. Evidence of metastability was also 
encountered in the products of some of those runs in which the starting 
materials were sealed in platinum tubes before being placed in the pressure 
vessels, such as runs nos. 23 to 30 inclusive. Sealed tubes were used in some 
of the runs in this system to prevent changes in composition from taking 
place in the starting materials and to permit using water as the fluid for 
applying pressure to the system. In the light of experience, however, the 
advantages are considered to be outweighed in the present study by the incon- 
veniences which sealed tubes entail. These disadvantages include the pre- 
requisite that at least a small amount of the phases characteristic of the high 
temperature side of the curve are to be found in the products, even when the 
run is carried out on the low temperature side of the curve, in order that a 
CO, pressure can be built up in the tubes to balance the externally applied 
pressure. It has also been found in this system that reactions take place much 
more slowly in sealed tubes than in the conventional foil envelopes so that 
the difficulty of recognizing the equilibrium assemblages at the end of a run 
is further increased. It is concluded that the dolomite in the products of run 
23 occurred metastably—probably forming as the temperature of the pressure 
vessel was raised and then failing to decompose completely during the course 
of the run. 

Magnesite—The P-T curve for the dissociation of magnesite was deter- 
mined as for calcite, As with calcite, the breakdown products of magnesite 
were found to be the oxide + CO., although Treffner (1950) has suggested 
the dissociation may be somewhat more complicated than this. 

The magnesium carbonate and the periclase used in the present investi- 
gation were Baker's analytical reagents, so that the initial materials were 
very fine grained. In the runs made to determine the P-T curve, magnesium 
carbonate and magnesium oxide were put side by side into the pressure ves- 
sels. Points on the high temperature side of the curve were indicated by the 
conversion of magnesite to periclase, and the sample that was originally 
periclase would do little but recrystallize and form larger crystals if the run 
was long enough. Points on the low temperature side of the curve were identi- 
fied by the development of magnesite from the initial periclase: both the 
original fine-grained periclase and the magnesite of the starting materials 
usually produced euhedral rhombs of magnesite. 

Most of the runs which were carried out to locate the P-T curve are given 
in table 4: figure 6 illustrates the curve deduced from the products of these 
runs. In runs 21 to 24 the products were seen to contain periclase and magne- 
site in approximately equal amounts. The magnesite, however, was not in 
the form of well-developed rhombs but in very fine-grained spongy aggregates. 
These runs were among the first to be made above the P-T curve when, at 
the conclusion of a run, the technique was to quench the pressure vessels 
with a blast of cold air and to release the pressure subsequently. It was dis- 
covered that this magnesite is characteristic of that which forms during such 
a quench, and it was concluded with some confidence that these runs were in 
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Fig. 6. Univariant pressure (CO.)-temperature curve for the dissociation of magne- 
site according to the following equation: MgCO; = MgO + COs.. 
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TABLE 3 
CaMe(CO,). = CaCO, + MgO + CO, 


Pressure 
Temp. x 10° 
Run Initial Materials C, Ibs./in.* Products 


Dol (nat) 950 25 Dol + Ct + Pe 
C+M Ct + Pe 

Dol (nat) 900 4 

Dol + Ct + Pe 
Dol (nat) 875 “i Dol 


Dol (nat) 900 : Ct + Pe (+ Dol) 
C+M Ct + Pe 

Dol (nat) Dol 

C(xs) + M * Dol + Ct 

Dol (nat) a Dol 

C+M 
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Taste 3 (Continued) 


Pressure 
Temp. x 10° Time 
Run Initial Materials Ibs. /in.? hrs. Products 


Dol (nat) 830 28. Dol 


Dol (nat) 900 Ct + Pe (+ Dol) 
Ct -+ Pe 


Dol (nat) 820 . Dol 


Dol (nat) 810 , Dol 
“2 
Dol (nat) 2: 


Cc+M ; . Ct + Pe + Dol + Mag 
Dol (nat) Ct + Pe + Dol 
Ct + Pe 
Cc +M 
Dol (nat) ¥ . Dol + Ct + Pe + Mag 
Dol (nat) ; 25 Dol + Ct (+ Pe) 
CcC+M Ct + Mag + Dol (+ Pe) 
Dol (nat) - ™ Dol (+ Pe + Ct) 

= Dol 

CcC+M bs 3g " Dol + Ct + Mag (+ Pe) 
Dol (nat) 7 hd 3: Dol 


Dol (nat) 
Dol (nat) 
Dol (nat) 
Dol (nat) 


Dol (nat) 


Dol (nat) 
Dol (syn) 
Dol (nat) 
Dol (syn) 
Cc+M 


Dol (syn) 
C+M 
Dol (nat) 
Dol (syn) 
C+M 


(syn) = synthetic 


= dolomite = 

= calcite M= 1 (nat) = natural 

= periclase (xs) == excess 
Brackets = “a trace of” in products 
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34 840 10 14 Ct + Pe 
36 800 ¥ 30 Dol 
37 > = Ct + Pe 
38 168 a 
39 ” ” ” ” ” 
40 790 “a 3.3 Dol 
41 770 3 
43 750 168 Dol 
44 
45 800 5 14 Ct + Pe 
48 700 36 Dol 
51 700 0.4 48 Ct + Pe 
54 600 84 
Dol 
Ct 
Pe 
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TABLE 4 


MeCO, = MgO + CO, 


Pressure 
Temp. x 10° 
Initial Materials tC. Ibs./in.* hrs. Products 


MgCOs; 900 40 Pe (+ Mag) 
MgO Pe 

MgCO, Mag (+ Pe) 
875 Mag 

MgO 

MgCO,; 850 

MeO 

MgCO, 875 - Pe 

MgO ” ” ” Pe (+ Mag) 
MgCO, 850 ad Pe (+ Mag) 

MgCO, 800 6 2 Mag 

MgO 

MgCO,; 700 

MgCO, 830 28.5 Mag 

MgO Pe + Mag 
MgCoO; 820 25 Mag 

MgCO; 850 2 75 Pe + Mag 
MgCO,; 825 

MgO 
MgCO; 800 2 Mag 
MgCO,; 

MgO 
MgO ” 
MgCO, 800 Pe (+ Mag) 
MgO ” Pe 

MgCO; 3.! Pe (+ Mag) 
MgO 

MgCO, - Pe (+ Mag) 
MgO Pe 

MeCO, ” 
MgO 
MgO 


MeCO, 5 Mag 
MgQ Pe + Mag 
MgCO, 2. Pe 

~ Mag 


Mag 


Mag 


MgO 
Met O; 5 Pe (+ Mag) 


MeO 
MgO 
MgCO, 
MgO 
MgCO; 
MgO 


magnesite . periclase Brackets “a trace of” in products. 
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Fig. 7. Univariant pressure (CO2)-temperature curves for the dissociation of calcite, 
dolomite and magnesite. The triangular diagrams indicate the phases which would be 
stable in the divariant regions defined by the P-T curves ignoring any solid solution there 
may be among the phases. F = COs, C = Calcite, D = Dolomite, M = Magnesite, L = 
Lime, P = Periclase. 
fact made on the high temperature side of the P-T curve. Thereafter, quenches 
were made by plunging the pressure vessels into cold water, the CO, being 
released simultaneously. After this procedure was adopted, there was never 
more than a trace of magnesite formed during the quench. 

The P-T curves of calcite, dolomite and magnesite—The P-T curves for 
the dissociation of calcite, dolomite and magnesite have been plotted together 
in figure 7. The triangular diagrams show the stable assemblages in the 
system CaO0—MgO—CO, for the regions defined by the curves. F represents 
CO.. C calcite, D dolomite, M magnesite, L lime, and P periclase. It can be 
seen that there is no tendency for the curves to cross one another within the 
range of pressure and temperature investigated. 

There is as yet no information as to what may happen at higher pressures 
and temperatures but it seems unlikely that the curves will cross at lower 
temperatures at least down to atmospheric pressures, Mitchell (1923) found 
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that with rising temperatures and for given pressures between 40 and 600 mm 
of Hg dissociation took place first in magnesite, then in dolomite, and finally 
in calcite. More recent investigations on these carbonates by D.T.A, methods 
confirm this order of dissociation at low pressures (Cuthbert and Rowland, 
1947; Kulp, Kent and Kerr, 1951; Haul and Heystek, 1952). 

The initial stable dissociation products of dolomite, under conditions of 
divariant equilibrium, themselves give a strong indication that the three curves 
do not cross at pressures and temperatures relatively lower than those which 
are the subject of the present investigation. The works of Esin, Gel’d and 
Popel (1949), Szmolka (1950), Bischoff (1950) and of Wilsdorf and Haul 
(1951) show that at least down to atmospheric pressure these products are 
CaCO;, MgO and CO,. (This does not deny the possibility of a transient 
stage in the decomposition involving the momentary formation either of 
MeCO, or of CaO.) For some careful detailed work on the dissociation of 
dolomite and for further references on the subject the reader is referred to 
Graf (1952). 

The pressure-volume-temperature relations in CO, at elevated tempera- 
tures and pressures have recently been determined experimentally over a 
wide range of temperatures and pressures by Kennedy (1954). Using his 
data it is possible to obtain an idea of the approximate values of the heats 
of reaction involved in the processes of decarbonation of dolomite, magnesite 
and calcite by means of the Clausius-Clapeyron equation. It must be empha- 
sized that such calculations are only approximate and are based on certain 
assumptions, e.g. that the specific volumes of the solid phases remain un- 
changed regardless of their temperature and pressure. In order to estimate 
a value of AH for the calcite curve it was necessary to extrapolate Kennedy’s 
data over a range of 60°C. above 1000°C. The results obtained are given 
below: 


Pressure 20,000 300 lbs./in.? 
CaMg(COs)2 = CaCO, + MgO + CO, 


MgCO, = MgO + CO, 
CaCO,— CaO + CO, 52 


The temperatures at which the values of AH apply can be read off the 
P-T curves directly. 

Petrological considerations.—In view of the interest and importance at- 
tached to the relationship between the P-T curve for the formation of peri- 
clase and calcite from dolomite and the P-T curve for the formation of 
wollastonite from calcite and quartz, it may be mentioned that work is at 
present in progress on the wollastonite curve. At present it appears that this 
curve must pass between 700 and 725°C, at 30,000 lbs./in.*. Further experi- 
mental work also suggests that it must lie on the low temperature side of 
680°C, at 15,000 lbs./in.*. The wollastonite curve therefore lies on the low 
temperature side of the dolomite curve throughout the range covered by our 
experiments. 
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It has been suggested from petrographic examination of rocks of ap- 
propriate composition in thermal aureoles that, with rising temperature 
through metamorphism at moderate depths, dolomite becomes dissociated 
before wollastonite develops. Bowen (1940) points out, however, that there 
is evidence that as the pressure increases the dolomite curve may cross the 
wollastonite curve so that above a particular pressure and with rising tempera- 
ture wollastonite will become a stable phase in the presence of excess CO, 
before dolomite dissociates under the same conditions. The experimental work 
carried out up to now on the dolomite and wollastonite curves suggests that 
this particular pressure must be relatively low, for if the point at 30,000 
Ibs./in.? and 700-725°C. is correct, then the wollastonite curve must be at 
least 100 and probably 200°C. lower than the dolomite curve at a pressure of 
only 10,000 lbs./in.?. It is in fact unlikely that the curves will cross in this 
manner above 1,000 lbs./in.?. This means that if in a thermal aureole there is 
evidence that wollastonite formed at a higher temperature than that at which 
dolomite decomposed, then either the aureole must have formed at a very 
shallow depth—a matter of a few hundred yards—or else the pressure on 
the intergranular fluid was much less than the rock pressure. The latter ex- 
planation probably applies in many regions of metamorphism, 

It has not been possible to recognize any melting which may have taken 
place in the carbonates studied, even at the highest temperatures and pressures 
which could be attained in the case of each carbonate. If no melting occurred, 
then it is unlikely that pure carbonate magmas could occur in nature because 
the temperatures involved are probably above those necessary to cause some 
fusion in the country rocks. Solutions of other components in a carbonate 
magma could of course have an appreciable effect on its melting point, and 
if such components were expeiled as fluids on solidification, there might well 
be little evidence of their prior existence in the now solid rocks. It must be 
pointed out, however, that whereas there is no evidence of melting having 
taken place in the course of these experiments, neither is there any proof that 
melting did not take place, for it is unlikely that any carbonate melts of the 
compositions in question would form a glass on quenching under the condi- 
tions described. 
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FABRIC ANALYSIS OF A TRICLINIC TECTONITE 
AND ITS BEARING ON 
THE GEOMETRY OF FLOW IN ROCKS 


L. E. WEISS 


ABSTRACT. A triclinic tectonite from Anglesey showing asymmetrically oriented quartz 
and mica girdles is analyzed geometrically and kinematically, Some important features 
of the geometry of plane deformations with monoclinic symmetry are emphasized and 
discussed; and on the basis of these principles the fabric of the triclinic tectonite is 
interpreted in terms of one monoclinic deformation involving solid flow. It is concluded 
that a descriptive geometrical analysis on all scales must precede kinematic interpretation 
of fabric data. 


INTRODUCTION 

Fabric analysis of B-tectonites has demonstrated the existence of a com- 
monly occurring type of fabric in which a single girdle of {001}-poles of 
mica, agreeing in symmetry with the main features of the megascopic fabric, 
is oriented asymmetrically with respect to an accompanying single girdle of 
[0001 ]-axes of quartz (Sahama, 1936; Turner, 1940; Wenk, 1943; Phillips, 
1945; Kvale, 1953). With the possible exception of the granulite described 
by Sahama—in which the symmetry is dominantly orthorhombic—in these 
fabrics, generally, an apparent monoclinic symmetry defined by the mega- 
scopic fabric and the preferred orientation of mica is lowered to triclinic 
symmetry by the preferred orientation of quartz. The non-coincidence of the 
axes of the girdles has been universally interpreted to mean that the pre- 
ferred orientation of mica and quartz has been effected by differently directed 
movements. Phillips (1945, p. 216) writes, with reference to the microfabric 
of the Moine schists: “Study of geographically oriented diagrams, however, 
shows that there is frequently a slight discordance between the attitude of 
the mica girdles on the one hand and the quartz girdles on the other in dia- 
grams for the same section.” Phillips goes on to suggest that this anomaly 
may indicate the effects of later movements upon an already existent pre- 
ferred orientation of quartz. Kvale (1953, p. 60) likewise records discrep- 
ancies: “In some rocks, if the megascopic lineation deviates from the principal 
direction of movement (east-south-east) the micas form a girdle with the 
megascopic lineation as the b-axis, while the quartz axes form a girdle around 
an axis trending about east-south-east, This seems to indicate that the quartz 
grains reflect a later stage of deformation than do the micas.” Neglecting 
Kvale’s interpretation of the girdles and his views on the importance of fabric 
symmetry, it should be noted that he records quartz girdles more constant in 
orientation than either the associated megascopic fabric or the mica girdles. 
The writer has observed a similar phenomenon in southern Anglesey, a pos- 
sible explanation of which will be outlined later in the paper. 

In general, in such fabrics, each girdle is symmetrologically an ac-girdle 
for the fabric component concerned; and associated lineations lying in the 
foliation are symmetrologically B-lineations. The rocks are generally inter- 
preted as B/\B’-tectonites, with one B-axis (B) parallel to the main lineation 
and axis of the mica girdle, and the other, later B-axis (B’), parallel to the 
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axis of the quartz girdle. Movements about B’, it has been argued, were in- 
sufliciently strong to reorient the mica fabric and destroy the symmetry of 
its megascopic manifestation (foliation, lineation and folds). The interpreta- 
tion implies that quartz can acquire a marked preferred orientation in response 
to deformation with little or no movement in the fabric; and this view has 
become generally held in spite of the absence of supporting evidence of any 
kind. 

This paper presents the results of fabric analysis of one such “B/ B’- 
tectonite” from near Gaerwen in Anglesey (N, Wales), analyzed during a 
regional study of the fabrics of the Penmynydd schists. The orientation data 
are interpreted by the writer in terms of a single symmetry-constant movement 
involving solid flow. Similar interpretations may be possible for some, but 
not necessarily all, similar triclinic B/\B’-fabrics referred to in the opening 
paragraph. 


PRELIMINARY DISCUSSION 

Monoclinic flow in rocks—For the purpose of this paper we consider 
only the type of deformation which has been called rotational strain (Becker, 
1893) and which is referred to more generally as slip upon one set of parallel 
s-surfaces (Knopf and Ingerson, 1938, p. 75-77; Turner, 1948, p. 164-166). 
This is a plane deformation with monoclinic symmetry of movement. The 
deformation plane is the symmetry plane of the movements and is also the 
symmetry plane of the structures newly produced by the movements. 

For rotational strain to occur, the resolved shear stress on the slip plane 
must exceed the resistance to shear (shear strength) on that plane. Since 
pre-existing s-surfaces of many sedimentary and metamorphic rocks are planes 
of relatively low shear strength, it is to be expected that they will commonly 
function as initial slip surfaces, even when the resolved shear stress acting 
upon them is somewhat less than the maximum possible value. In other cases, 
the pre-existing s-surfaces are so oriented in the field of stress that resolved 
shear stress upon them is too low for slip to occur, Slip must therefore take 
place upon some other plane upon which the resolved shear stress is high. 
The mode of development of this newly induced slip plane lies somewhere 
between two extremes: 

1. Slip is concentrated upon parallel discrete surfaces separating layers 
of relatively undeformed material, as in displacement of a pack of cards. 
The slip surfaces are visibly expressed as strain-slip or fracture cleavage. 

2. Slip is more or less evenly dispersed throughout the deformed rock 
even on a microscopic scale. Intragranular gliding and recrystallization are 
important componental movements, and the rock behaves “plastically.” Al- 
though no discrete individual surfaces of slip develop, the deformation still 
can be pictured in terms of slip upon a definite plane, or of slip upon surfaces 
spaced infinitesimal distance apart, The geometry of the deformation ap- 


* Nonplanar deformations involving solid flow with triclinic symmetry are beyond the 
scope of this paper. 

* For a discussion of this usage of the term plastic see Knopf and Ingerson, 1938, p. 179- 
189; Turner, 1948, p. 225-237; and Fairbairn, 1949, p. 96-115, 
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proximates to that of plastic flow in a crystal or laminar flow in a fluid (Knopf 
and Ingerson, 1938, p. 33-36). 

s-surfaces and s-planes.—The planar elements that are so characteristic 
of the fabrics of rocks have been termed s-surfaces (s-flachen) by Sander 
(1948, p. 105-107). Those produced by deformation are, as we have just 
seen, of two extreme types which, although grading one into the other, may 
conveniently be distinguished. In this paper they are respectively designated 
s-surfaces and s-planes. 

1. s-surfaces are discrete, visible, more or less continuous surfaces 
exemplified by structures such as bedding foliation, strain-slip cleavage, 
segregation banding, and so on. 

2. s-planes are defined statistically by preferred orientation of one or 
more constituent minerals. Thus, in the rock from Anglesey which forms 
the subject of this paper, sharply crystallized flakes of mica tend to be oriented 
with {001} inclined at a statistically constant angle to the foliation, but show 
no tendency to be positioned in discrete layers, This plane of preferred orien- 
tation of mica although not megascopically visible is an s-plane of the fabric. 

In general, plastic deformation as defined above favors development of 
s-planes, whereas discontinuous deformation favors appearance or accentu- 
ation of s-surfaces. In rocks which have suffered flow, the degree of arrange- 
ment into surfaces of elements such as mica flakes or grains of quartz with a 
preferred orientation is a guide to the nature of the deformation. If deforma- 
tion is continuous, that is, if each grain behaves as a deforming unit regardless 
of the behavior of the fabric as a whole, then no inhomogeneities (s-surfaces) 
are induced by the movements. On the other hand, if movement is not con- 
tinuous on the scale considered, then inhomogeneities appear transgressing 
the whole fabric. Such slip surfaces can be on all scales, from microscopic 
s-surfaces separating layers of the thickness of a single grain or group of 
grains, to great movement horizons penetrating the largest of rock bodies. 

Affine and non-affine deformation by slip—A monoclinic deformation 
involving penetrative slip upon one plane is said to be affine if straight lines 
and planar surfaces within the deformed body before deformation remain 
straight lines and planar surfaces, respectively, after the deformation. A sphere 
becomes a triaxial ellipsoid with the mean axis (the axis of slip) as an axis of 
no change.* If, on the other hand, what were straight lines and planar surfaces 
before deformation, respectively become curved lines (lying in one plane) and 
curved surfaces after the deformation, then slip is said to be non-affine (Knopf 
and Ingerson, 1938, p. 75-77; Turner, 1948, p. 164-166). Both affine and 
non-affine deformation by slip are movements with monoclinic symmetry. 
Non-affine slip is probably more important than affine slip in the evolution 
of rock fabrics. 

External and internal rotation.—In one type of non-affine deformation 
there is flexure of the slip plane giving flexural slip folding so that there is 


® In rocks this axis is not always an axis of no change. It is commonly an axis of elonga- 
tion or axial flow (Weiss, 1954, p. 76), and under some conditions of deformation it may 
be an axis of shortening. But so long as there is no laminar slip along this axis, that is, 
so long as the symmetry of the deformation remains monoclinic, the deformation remains 
plane and its geometry is essentially unchanged. 
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an external rotation of one part of the slip plane with respect to another, and 
of both with respect to coordinates external to the deformed body (Turner, 
Griggs, and Heard, 1954, p. 898). The deformation remains plane during 
external rotation; and the axis of external rotation of all elements of the 
fabric is normal to the deformation plane. 

During plane deformation by slip, inactive pre-existing planes (or sur- 
faces) and lines (or lineations) in the fabric undergo internal rotation; that 
is, they are rotated through the fabric by componental movement, with ref- 
erence to coordinates within the deformed body, in a manner and amount 
decided by their initial orientation and the degree of deformation. The geo- 
metrical principles underlying the internal rotation of one plane by gliding on 
another have been used by Turner, Griggs, and Heard (1954) in detailed 
analyses of structures produced in single crystals of calcite by experimental 
deformation. The axis of internal rotation of one plane by slip upon another 
is given by the line of intersection of the two planes, regardless of the direc- 
tion of slip (Borg and Turner, 1953, p. 1348, fig. 3). 

Surfaces undergoing internal rotation in rocks may contain one or more 
lineations, It is important therefore to determine also the axis of internal 
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Fig. 1. Geometry of internal rotation of a plane GHIJ and a line HJ by affine slip 
upon the plane ABCD. 
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rotation of a line relative to that of a plane which contains it. In figure 1 a 
rectangular prism ABCDEFG contains a randomly oriented plane GH1J, which 
in turn contains a line HJ. The prism is deformed by affine slip in direction 
AD on a plane ADCB, the angle of shear being ©. The plane GH/J is internally 
rotated about the axis GH to the position GHI’J’, and the line HJ is intern- 
ally rotated to HJ’. No matter how great the amount of deformation, J’ will 
always lie on AD (the direction of slip), and HJ will be internally rotated 
so that it always lies in a unique plane containing the direction of slip. The 
axis of internal rotation of any line is thus the normal to the plane containing 
the line and the direction of slip. 

B-axes.—There is still, in structural geology, some confusion surrounding 
the recognition and significance of fabric axes in general and of B-axes in 
particular. It is beyond the scope of this work to trace the evolution of the 
concept of a B-axis; but it is necessary for what follows to define this axis 
for fabrics with monoclinic symmetry. For the moment we shall not consider 
B-axes in fabrics with either orthorhombic symmetry or triclinic symmetry 
resulting from the effects of one non-planar deformation. 

One purpose of fabric axes is to facilitate description of rock fabrics in 
a fashion similar to that in which crystallographic axes are used in descrip- 
tions of crystals. This purpose may be termed geometrical, or, more properly, 
“symmetrological” (symmetrologisch; Sander, 1948, p. 132). There is, how- 
ever, another and more important purpose in defining fabric axes, and that 
is to describe the movements responsible for the fabric in its present form. 
In this sense the axes are kinematic. It has been necessary, therefore, to define 
two distinct systems of axes which for ideal rock fabrics are identical. Each 
system of three orthogonal axes, a, b, and c, can be defined in terms of mono- 
clinic symmetry—the first in terms of monoclinic fabric, the second in terms 
of monoclinic movement. 

1. In the symmetrological system ab is the principal fabric plane. This 
is the most prominent surface in the fabric, that is, the foliation. The sym- 
metry plane (which, since the symmetry is monoclinic, must be normal to 
ab) is ac; and the normal to the plane of symmetry is b. In many deformed 
rocks ab is folded with 6 as fold axis. Since b is therefore a direction of maxi- 
mum continuity in the fabric (as well as the axis of symmetry), it is 
designated B. 

2. The kinematic axes are defined for rotational strain involving slip 
upon one s-plane. The slip plane is ab, the deformation plane is ac, and the 
normal to the plane of deformation is b. The direction of slip is a. Deforma- 
tion is commonly by flexural slip of ab; and b, as the axis of external rotation 
is again a direction of maximum continuity, designated B. 

The relationships of these axes are summarized in table 1.‘ 

The most fundamental principle of structural petrology—that upon which 
the kinematic analysis of fabrics is based—states that the symmetry of a de- 
formed fabric preserves the symmetry of the movements which have produced 
“ The two systems of axes as here defined have one fundamental difference. The sym- 


metrological axes are descriptive in that they are applied directly to visible structures, 


whereas the kinematic axes are genetic, applying to the movements which have produced 
the structures. 


TABLE 1 
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“Symmetrological” 
(descriptive ) 


Kinematic 
(genetic 


c 


Normal to plane of sym- 
metry (ac). 


Axis of flexural slip folds 
of ab. 


Axis of symmetry. 


Normal to B in the folia- 
tion (ab). 


Normal to foliation (ab). 


Normal to plane of defor- 
mation (ac). 


Axis of flexural slip move- 
ments. 


Axis of external rotation. 


Normal to B in the slip 
plane = direction of slip. 


Normal to slip plane (ab). 


that fabric (Sander, 1948, p. 81-83; Griggs, Turner et al., 1951, p. 905). 
For any rock deformed by slip or flexural slip upon a single foliation, the 
symmetry plane of the fabric is the deformation plane of the movements which 
have produced the fabric, and the symmetrological and kinematic axes are 
the same. This relationship, which is the basis of Sander’s methods of fabric 
analysis, admits of no exception so long as the symmetry of the fabric is 
truly monoclinic. 

Modification of pre-deformational s-surface and s-planes.—Monoclinic 
movements will give rise to monoclinic movements under three conditions 
only: 

1 If the deformed fabric was statistically isotropic before deformation. 

2. If the deformation was sufficiently prolonged or intense to remove 
by transposition all traces of structures in the original fabric. 

3. If structures inherent in the fabric before deformation agreed in 
symmetry with the deforming movements. 

Under all three conditions the B-axes defined symmetrologically coincide 
with those defined in terms of movement. 

Conditions 1 and 2 do not concern us. The first is a special case of limited 
importance; and the second gives rise to fabrics the full structural history of 
which eannot be determined by fabric analysis. Much more commonly a 
monoclinic deformation acts upon an initially anisotropic fabric in which 
there is a single set of s-surfaces that may be designated S; for example, the 
bedding of a sediment, the flow banding of a rhyolite, or the foliation of a 
schist. Three cases may be recognized: 

(a) S is planar and normal to the deformation plane. This condition 
is generally statistically fulfilled, at least in the early stages of deformation, 
during the primary deformation of horizontally bedded sediments and sedi- 
mentary rocks by slip on and flexural slip folding of the bedding in response 
to tangential stresses in the Earth’s crust. The initially horizontal bedding is 
folded by movements with a vertical deformation plane; and the horizontal 
fold axis can be demonstrated on symmetrological grounds to parallel the 
kinematic B-axis. Condition 3 (above) is fulfilled, and the resultant fabric 
is monoclinic. But this is a special case reflecting special conditions of de- 
formation. 
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(b) S is already folded, but the fold axis is normal to the deformation 
plane of the subsequent movements, Here too the resultant fabric is mono- 
clinic (condition 3). 

(c) The general case is that in which the deformation plane intersects 
S (whether this is planar or already folded generally depends on the scale 
of the field considered) at angles other than 90°. The foliation is generally 
unsuitably oriented to act as the slip plane of the deformation, and, under 
conditions of solid flow, a plane of affine or non-affine slip—again depending 
on the scale of the field considered—intersects and internally rotates S about 
axes which vary in orientation with the variation in the initial attitude of S. 
If this slip plane does not develop as a visible set of surfaces, then S remains 
the most conspicuous set of s-surfaces in the fabric. The symmetry of the 
fabric is triclinic. 

Significance of triclinic symmetry.—It is normal procedure in fabric 
analysis (on all scales) to select the foliation of a deformed rock as the ab- 
plane and the main lineation or fold axis as the B-axis (Knopf and Ingerson, 
1938, p. 213; Turner, 1948, p. 177; Fairbairn, 1949, p. 6). Triclinic fabrics 
(other than those produced by proved triclinic strain) are generally inter- 
preted in terms of two or more B-axes lying in the foliation. It has been 
stressed by Sander that this is a tentative identification to await full analysis 
of the fabric for confirmation; nevertheless, it has given rise to fundamental 
misconceptions of the geometry of tectonites as illustrated by Fairbairn’s 
(1949, p. 6) statement: “If foliation is developed, as is commonly the case, 
b lies in the foliation surface.” This statement holds without exception only 
for fabrics with undoubted monoclinic symmetry on all scales. The fabrics of 
most tectonites, when all structural elements are taken into consideration, have 
slightly triclinic symmetry. By selecting a planar foliation in these rocks as 
ab we are limiting the orientation of B to a single plane, without proper 
regard for the symmetry of the fabric. Likewise, the unqualified equation of 
B with the fold axis in folded rocks with any degree of triclinic symmetry, 
however small, can be an oversimplification of the true geometrical facts. Folds 
with triclinic symmetry can be associated with monoclinic movements in at 
least two ways: 

1. Folds of a set of s-surfaces (S,) inherent in the fabric before de- 
formation on an intersecting s-plane (S.) can survive a certain degree of 
internal rotation, and retain their identity as folds, although not their orienta- 
tion or direct kinematic significance. 

2. Slip or flow folds of a set of inherent planar s-surfaces (S,) can form 
by internal rotation in response to non-affine slip on an obliquely intersecting 
s-plane (S.). 

Although both of the above types of fold can have well-defined fold 
axes, these axes are not as a general rule parallel to the kinematic B-axes of 
the monoclinic deforming movements. The fabrics concerned show, on all 
scales, a tendency toward triclinic symmetry which expresses an equivalent 
tendency for the kinematic B-axis to depart from parallelism with the folia- 
tion. Even fabrics in which on a large scale there is statistical monoclinic 
symmetry can possess, on a small scale, some degree of triclinic symmetry, A 
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genuinely monoclinic fabric, on the scale of one hand specimen, is very rare. 
In most tectonites a combination of lineations, folds, s-planes, s-surfaces and 
patterns of preferred orientation of minerals collectively defines triclinic 
symmetry of fabric. 

To summarize; as a general rule, layered rocks that undergo monoclinic 
deformation by solid flow which does not agree exactly in symmetry with 
structures inherent in the predeformational fabric develop fabrics having 
overall triclinic symmetry. In such fabrics the kinematic B-axis commonly does 
not lie in the foliation, and its orientation must be determined by geometrical 
analysis of all orientation data. Common procedure of accepting foliation as 
ab and explaining triclinic symmetry in terms of superposed symmetrological 
B-axes, both lying in the foliation, leaves the way open for fundamental errors 
in interpretation of structural data. None of the B-axes determined sym- 
metrologically, in effect, may be parallel to the kinematic B-axis. The tectonite 
now to be described will serve to illustrate these points. 


THE TRICLINIC TECTONITE FROM ANGLESEY 

Petrofabric analysis—The rock is a dark brown quartz-albite-mica 
schist with a well-marked foliation defined by layers alternately richer in 
muscovite and deep brown biotite. The grain size is small (average mean 
grain dimension about 0.2 mm) and approximately uniform. In thin section 
the rock consists of a mosaic of equidimensional quartz grains, enclosing 
scattered non-twinned porphyroblasts of albite full of minute inclusions, small 
undeformed flakes of muscovite and biotite and small rounded granules of 
clinozoisite. 

In the foliation (S,) two lineations can be seen: 

1. A very fine regular parallel ribbing (L;). 

2. A weaker more imperfectly developed lineation (L.) inclined at 
32° to L,. 

From several thin sections the preferred orientation of the poles of 
{001}-planes in muscovite and biotite and the [0001]]-axes in quartz were 
measured and plotted on the lower hemisphere of an equal area projection. 
The preferred orientations of these directions are surprisingly homogeneous 
throughout the hand specimen, and the data for mica and quartz were rotated 
into the plane normal to L, and combined to give two synoptic diagrams 
(figs, 2a and 2b, respectively). 

The poles of {001}-planes of the mica flakes are arranged in a strong 
maximum, actually a double maximum (fig. 2a), inclined to the pole of S,, 
and spreading into a perfectly developed girdle about L,. The plane (S;), 
statistically defined by the weighted maximum of {001}-poles, intersects S, 
in L,. The quartz diagram (fig. 2b) shows a preferred orientation of [0001]- 
axes in a broad girdle asymmetrically oriented with respect to L, and the 
mica girdle, An area of maximal concentration of axes is situated close to, 
but not in S,. The axis of the girdle similarly is close to, but does not coincide 
with, L,. Although no A.V.A. (Ramsauer, 1941; Weiss, 1954, p. 63-70) has 
been made, investigation with a gypsum-plate suggests that the preferred 
orientation of quartz is essentially homogeneous, that is, unrelated to slip 
surfaces in the fabric. The crystallization of quartz and mica is postkinematic, 
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Fig. 2. Preferred orientation data from a triclinic tectonite from Anglesey. 
761 {001}-poles of muscovite and biotite. Contours: 2-4-6-8-10-12% per 1% area. 
600 [0001 ]-axes of quartz. Contours: 1-2-3% per 1% area. 
Synoptic diagram to show the geometry of the fabric. 
S,—foliation. 
S:—s-plane statistically defined by the preferred orientation of mica. 
L,, L-—lineation lying in the foliation. 
Ma—quartz maximum, 
My—mica maximum. 
B—axis of quartz girdle. 
L, is horizontal, trending northeast—southwest: it is viewed in the southwest sense. 
S; dips 76° to the northwest. 


Interpretation of fabric data.—The symmetry of the fabric is obviously 
triclinic. Two alternative interpretations of the data are given below. The first 
is consistent with normal procedure in fabric analysis as outlined in various 
reference books (Knopf and Ingerson, 1938, p, 213; Turner, 1948, p. 217; 
Fairbairn, 1949, p. 5-6). The second is based on the geometrical considera- 
tions outlined above and is that preferred by the present writer. 

1. According to normal procedure, S, would be selected as ab, L, as 
one symmetrological B-axis, and L. as another. L; would be interpreted as 
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the earlier axis associated with the more intense movements responsible for 
the preferred orientation of mica, and L, would be attributed to later much 
weaker movements sufficiently strong only to reorient the quartz and leave 
a faint lineation, Each symmetrological B-axis would be considered to coin- 
cide with a corresponding kinematic B-axis, and the tectonite would be in- 
terpreted as a B/B’-tectonite in terms of two monoclinic deformations. 

2. A completely different interpretation of these same fabric data, based 
on geometrical analysis, is more satisfactory in that it explains several features 
of the quartz fabric that otherwise appear merely coincidental. First, the 
girdle of [0001 ]-axes is more nearly normal to B (fig. 2c) than to L, (fig. 
2b). Second, as seen in figure 2c, B lies in the statistically defined plane S.. 
Third, the maximum concentration of [0001]-axes also lies in S, and is 
roughly normal to B. All these features can be correlated with deformation by 
slip normal to B in a slip plane S., in which case the main quartz axis maxi- 
mum would be equivalent kinematically to the familiar Maximum I of Sander’s 
synoptic diagram (Turner, 1948, p. 260). Moreover, S, intersects S; in L,, the 
axis of the mica girdle, and it is the plane of preferred orientation of {001}- 
planes of mica. In other words, the movements upon S, are responsible for 
the preferred orientation of both mica and quartz, Non-coincidence of mica 
and quartz girdles can be explained by assuming that mica in the initial fabric 
was oriented parallel to S, and that S, was internally rotated during the sub- 
sequent deformation by slip on S. normal to B. We know that this slip was 
affine on the scale of one hand specimen; otherwise S, would be slip folded 
about L, as fold axis. The mica flakes rotated from S, toward S. have assumed 
a pattern of preferred orientation in a girdle whose axis is L,—the intersec- 
tion of S, and S.—although this axis is not the kinematic B-axis of the 
deforming movements. The only kinematic B-axis recognizable in the fabric is 
B, the axis of the quartz girdle, which does not lie in the foliation (S,). The 
lineation L, is the projection or trace on S, of a linear structure (most prob- 
ably an elongation of quartz grains) lying in S, parallel to B. The geometry of 
this trace is shown in figure 2c—the plane normal to S, containing B inter- 
sects S, in L. (Clark and McIntyre, 1951, p. 757). 

The evolutionary history of the fabric may be summarized as follows: 
a rock with either a sedimentary or metamorphic layering (S,) was deformed 
by continuous plane deformation involving affine slip upon a mechanically 
induced slip plane (S.). The deformation was sufficiently homogeneous to 
prevent the development of discrete microscopically visible s-surfaces of slip. 
The kinematic B-axis lay not in the initial foliation (S,) but in the mechanic- 
ally induced plane of slip (S.). The mica flakes initially lying in the foliation 
were rotated about L, toward the slip plane S,. The preferred orientation of 
quartz suggests that there was an incipient alignment of [0001 ]-axes in the 
slip direction (the kinematic a-axis), accompanied, perhaps, by fracture and 
granulation of the previously existing quartz grains. Such a cataclastic history 
of the quartz would be concealed by the complete postkinematic crystallization 
which has affected the fabric, although the preferred orientation would be 
preserved. The mica flakes may have recrystallized more nearly parallel to 
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the actual plane of slip than they were brought by rotation during the defor- 
mation. 

The quartz and mica girdles, although not coaxial, have thus been pro- 
duced during a single phase of movement. The kinematic B-axis of this move- 
ment is most clearly defined by the preferred orientation of quartz; whereas 
the slip plane S. is defined by the preferred orientation of mica and to a 
lesser extent quartz. The megascopic fabric considered alone gives no guide 
to the orientation and significance of the kinematic B-axis. Neither of the 
two lineations visible in the foliation is parallel to B, although movements 
normal to it have produced them both. 


GENERAL CONCLUSIONS 

1. Not all visible lineations in tectonites represent B- or a-axes, Nor are 
all triclinic fabrics produced by two superposed non-coaxial deformations, On 
the contrary, many triclinic fabrics are products of monoclinic deformations 
acting upon initially layered fabrics which do not agree in symmetry with 
the deforming movements, Lineations in these fabrics commonly parallel the 
intersection of the initial lamination with the slip plane (axis of internal rota- 
tion), and do not have constant orientation although the kinematic B-axis 
lying in the slip plane does, This concept may be stated in a different manner. 
It is commonly assumed that the B-axis of a deformed fabric lies in the folia- 
tion. This may be a general rule for rocks deformed by proved slip upon the 
foliation; but it cannot apply to many rocks which have suffered solid flow 
during plane deformations in which the B-axis transects structures inherent 
in the initial fabric, 

2. For this reason current procedure of selecting tentatively the most 
prominent surface in the rock as ab, and the most prominent lineation as B, 
is liable to give rise to a basically two dimensional interpretation of the 
orientation data, governed by the foliation. A more descriptive primary 
nomenclature is advised: S,, S; and so on for surfaces and planes, L,, L. and 
so on for lineations, and F,, F; and so on for the axes of folds. Complete 
fabric analysis, on all scales, of selected specimens and areas should follow, 
with particular attention paid to geometry and symmetry of fabric. 

3. Microscopic fabric analysis is of great importance in structural geol- 
ogy as a means of evaluating the significance of megascopically visible linea- 
tions, folds and so on, and of demonstrating the existence of statistically 
defined s-planes. The constant orientation of quartz girdles, regardless of the 
megascopic fabric, recorded in Bergsdalen by Kvale and in Anglesey by the 
writer, suggests the presence of a constantly oriented kinematic B-axis in these 
two areas. The importance of mica as a guide to the kinematics of a fabric 
lies in its tendency to become oriented with {001} lying in planes and surfaces. 
The {001}-poles of mica define not only axes of external rotation of surfaces 
but also axes of internal rotation which are not always B-axes, The non- 
equidimensional habit of mica means that its initial orientation will exert an 
influence upon its final orientation during movement in a fabric, This property 
it shares with all surfaces in rocks, together with which it may be classed as 
a dependent fabric element. Quartz, on the other hand, with no tabular habit, 
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is more free from influence of an initial orientation; and it tends to reflect 
more nearly in its orientation the geometry and symmetry of the movements 
by which the orientation is produced. Quartz may be classed as an independent 
fabric element, 

4. Non-coaxial quartz and mica girdles have hitherto been considered 
evidence in favor of the view that quartz can acquire a preferred orientation, 
by some unknown mechanism, without appreciable penetrative movement in 
a fabric. Therefore, fabrics showing such girdles should be subjected to the 
most thorough geometrical and kinematic analysis in order to confirm that the 
differently oriented girdles do not merely record different axes of rotation of 
the same movements. 
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MONOMETAMORPHISM, POLYMETAMORPHISM, 
AND RETROGRADE METAMORPHISM 
K. JINGHWA HSU 


ABSTRACT. Retrograde metamorphism, defined as a mineralogical readjustment of 
high temperature metamorphic assemblages to a lower temperature, is not necessarily a 
change in response to falling temperature. The term “polymetamorphic diaphthoresis” 
is introduced to designate retrograde changes, perhaps in response to rising temperature, 
during a second period of metamorphism, which is distinctly separated from an earlier 
higher grade metamorphism. 


Turner (1948, p. 6) defined polymetamorphism as a “reconstitution of 
rocks in more than one stage, each governed by distinct physical or chemical 
conditions; for example, dynamometamorphism during orogenic deformation, 
followed by contact metamorphism under static conditions following late 
injection of granitic intrusions.” 

Read (1949, p. 130) attempted a more restricted definition of polymeta- 
morphism. He pointed out that: 


“We can separate two ideal cases. In the first, the series of episodes 
of crystallization and deformation, though alternating and not strictly coeval, 
can reasonably be considered parts of a unified whole; though we may here 
be busy with the details of a lengthy and complex sequence of deformation, 
rotation of porphyroblasts, replacement, crystallization and other operations, 
we are satisfied that all these operations belong to one self-contained act in 
the history of the rock—the rock is monometamorphic. Second, there is the 
case of two or more unified acts that are separable from one another and 
present no obvious genetic connection—the rock recording such a history is 
polymetamorphic.” 


Dorothy Wyckoff (1952) studied the Wissahickon schist near Phila- 
delphia and reported a case of “reconstitution of rocks in more than one stage” 
of metamorphism. Reportedly, an earlier episode of high temperature meta- 
morphism was followed by an episode of more intense hydrothermal meta- 
morphism in response to falling temperature. As all these metamorphic 
changes, in her opinion, apparently, took place during one general period 
of deformation and plutonism, they should perhaps be considered monometa- 
morphic rather than polymetamorphic. 

Rocks in certain regions have undergone two or more periods of de- 
formation and metamorphism that were distinctly separated. Sutton and 
Watson (1951) discovered a period of volcanism separating two periods of 
metamorphism in the northwestern Scottish Highlands; they postulated ac- 
cordingly two periods of orogenic movement in the Highlands during Pre- 
cambrian time. Brothers (1954) recently found partially altered tectonic 
inclusions of eclogite and amphibolite in serpentine intrusives of the Francis- 
can group at Berkeley Hills, California, The results of his work not only 
suggest a polymetamorphic history for the Coast Range of California but 
also give us some clues as to the kind of basement upon which the Franciscan 
sediments were laid down, The writer (Hsu, 1955) found that the rocks of 
the Cucamonga Canyon area, Southeastern San Gabriel Mountains, California, 
have also been repeatedly deformed and metamorphosed. North-trending 
granulites, perhaps metamorphosed during Precambrian time, were changed 
to east-trending amphibolite facies rocks during Mesozoic (?) metamorphism. 
A period of sedimentation (Paleozoic ?) intervened between the two periods 
of mountain-making; the Paleozoic (?) sediments were not affected by the 
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Precambrian (?) deformation, but were metamorphosed during the Mesozoic 
(?) orogeny. Furthermore, the Mesozoic (?) amphibolite facies metamorph- 
ism was separated by Miocene (?) volcanism from a still later greenschist 
facies metamorphism, which was localized along Tertiary fault zones, The 
repeated metamorphic changes of the rocks in Cucamonga Canyon area were 
not retrogressive processes in response to falling temperatures during Pre- 
cambrian (?) time; rather they represent three distinct periods of deforma- 
tion and metamorphism (Precambrian ?, Mesozoic ?, Tertiary ?). Each 
period in turn considered of several minor episodes or phases (for example, 
the Mesozoic (?) metamorphism of the area was represented by an earlier 
phase of dynamothermal metamorphism and a later phase of thermal meta- 
morphism). 

The examples cited above should suffice to demonstrate the importance 
of distinguishing polymetamorphism from monometamorphism that consists 
of several episodes. As an indiscriminate use of the term “polymetamorphism” 
may create erroneous impressions, the writer suggests that we follow Read 
(1949) to define polymetamorphic rocks in a restricted sense, Only rocks 
which record a history of two or more periods of metamorphism that present 
no obvious genetic connection are polymetamorphic, Rocks that have been 
reconstituted repeatedly during different stages of one single period of meta- 
morphism should be known as monometamorphic. 

Retrogressive metamorphism (retrograde metamorphism, or diaph- 
thoresis) has been considered a special type of polymetamorphism (Turner, 
1948, p. 6). Harker (1939, p. 344) used the term retrograde metamorphism 
to denote metamorphic changes in response to falling temperatures, “thus 
emphasizing its essential nature as a reversal, or partial reversal, of meta- 
morphism proper.” Turner defined retrogressive metamorphism as a 
“mineralogical readjustment of high-temperature metamorphic assemblages 
to a lower temperature” (Turner and Verhoogen, 1951, p. 413). However, 
such a readjustment is not necessarily a metamorphic change in response to 
falling temperature. In all the examples of polymetamorphism previously 
discussed (Sutton and Watson, 1951, etc.), high temperature assemblages 
formed during a first period of metamorphism were converted to lower 
temperature assemblages during a second period of lower grade metamorph- 
ism, perhaps in response to rising, not falling, temperatures, Thus, Harker’s 
and Turner’s definitions of retrogressive metamorphism are in some instances 
in direct conflict. 

The concept of diaphthoresis was first introduced by Becke (1909) to 
explain the occurrence of relic crystals of high temperature minerals in low 
grade schists. Becke did not present enough evidence to indicate if such 
changes are monometamorphic or polymetamorphic. Perhaps we should fol- 
low Turner (1948, p. 6) to designate diaphthoresis (retrogressive or retro- 
grade metamorphism) to include all metamorphic processes through which 
“a metamorphic assemblage of minerals formed at high temperature is con- 
verted to an assemblage stable at lower temperatures.” For diaphthoretic 
changes in response to falling temperatures during monometamorphism (as 
that described by Wyckoff, 1952), we might use the term monometamorphic 
diaphthoresis. For diaphthoretic changes in response to rising or falling 
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temperatures during a later period of metamorphism, we might use the term 
polymetamorphic diaphthoresis. 

E. B. Knopf (1931) discussed the problem of retrogressive metamorph- 
ism. She reasoned that mineralogical readjustments “are slowed down or 
inhibited by lowering of temperature,” thus answering the question “Why 
are not all rocks as we now see them diaphthorites?” On the other hand, 
she was not quite certain “Why do diaphthorites ever form?” She speculated 
(p. 6-7): 

“The mere fact that katagneisses do arrive at the surface shows that 

the rock is able to remain in a condition of apparent (or false) equilibrium 
even after removal to a new environment to which it is unadjusted, But a 
katagneiss that has arrived at the Earth’s surface as a result of denudation 
or by any simple upward movement en bloc has remained undisturbed by 

the movement as far as its constituent parts are concerned. All diaphthorites 

on the other hand are tectonites, and thus affected by the movement down 

to their ultimate constituents, so that retrogressive crystallization was in- 

duced by the differential movements that caused the deformation.” 

The writer does not know of any positively proven cases of intense 
monometamorphic diaphthoresis, On the other hand, polymetamorphic di- 
aphthorites are not uncommon (Read, 1949; Sutton and Watson, 1951; 
Brothers, 1954; Hsu, 1955). Perhaps the concept that mineral reactions are 
deterred or inhibited by lowering of temperature is essentially correct, and 
most diaphthorites have been formed through polymetamorphism in response 
to rising temperature. The effect of deformation on diaphthoresis observed 
by Knopf is probably indirect, Structural control of localization of hydro- 
thermal solutions may have resulted in local variations of the partial pressure 
of water in the system. Such variations in turn should result in the coexistence 
of “high grade” assemblages in equilibrium and “low grade” assemblages in 
equilibrium at the same temperature and confining pressure (Hsu, 1954). 
Thus, the preservation of apparently disequilibrium assemblages in poly- 
metamorphic diaphthorites may be accounted for through a clear under- 
standing of the role of water in metamorphism. 
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DISCUSSION 


SOME REMARKS CONCERNING THE ORIGIN OF 
GLAUCOPHANE IN THE 
NORTH BERKELEY HILLS, CALIFORNIA 


W. P. DE ROEVER 


ABSTRACT. In contrast with some conclusions drawn by Brothers (1954), the glauco- 
phane of the North Berkeley Hills is shown to belong to the mineral paragenesis of a 
separate glaucophane schist facies, as by means of the equation: 

10 albite + 2 chlorite + tremolite = 5 glaucophane + 2 lawsonite 


Reaction according to this equation involves a reduction in molecular volume of more 
than 10 percent. The glaucophane schist facies is to be considered as a higher pressure 
equivalent of the green schist and albite-epidote-amphibolite facies, the differences in 
confining pressure concerned being rather small. It is apparently the magnitude of the 
geothermal gradient that determined whether regional metamorphism of appropriate 
low to medium grade produced the mineral assemblages of the glaucophane schist facies 
or those of the green schist and albite-epidote-amphibolite facies. 


The facies analysis of rocks with a complicated metamorphic history is briefly dis- 
cussed, 

A recent issue of this JOURNAL contains a contribution by R. N. Brothers 
(October, 1954) on glaucophane schists from the North Berkeley Hills, Cali- 
fornia, which gives a wealth of new and important data. Brothers’ interpreta- 
tion of the mode of occurrence of many of the glaucophane-bearing rocks as 
tectonic inclusions in a belt of serpentinite, as well as a number of data on 
the age relations of several important minerals, may be welcomed as valuable 
contributions to our knowledge of the California glaucophane schists. 

It is to be regretted, however, that Brothers gave some conclusions con- 
cerning the origin of the glaucophane that cannot stand a critical examination. 
He emphatically denied that the California glaucophane belongs to the mineral 
paragenesis of a separate glaucophane schist facies, an opinion recently 
defended by the present author (de Roever, 1950). According to Brothers 
it seems logical to equate the physical conditions governing the formation of 
the glaucophane rocks with those of the green schist and epidote-amphibolite 
facies, the formation of glaucophane most obviously being either promoted 
or precluded by the composition of the pore solutions. The arguments given 
by the present author were not discussed. 

Some brief remarks on the formation of metamorphic minerals in general 
may put things clearer. The formation of a metamorphic mineral depends 
on the fulfillment of both certain physical and certain chemical conditions, 
the former being entirely independent of the latter. The physical conditions 
are illustrated by the fact that the formation of a metamorphic mineral is 
usually restricted to metamorphism in but a small number of metamorphic 
facies or subfacies. The chemical conditions, apart from the eventual neces- 
sity of the presence of catalytic agents, may be briefly expressed by one of 
the following alternatives: 

(1) favorable original composition of the rock, (2) favorable meta- 
somatism before metamorphism, (3) favorable metasomatism during meta- 
morphism, or some combination of these. In view of these arguments the 
statement that a metamorphic mineral is formed by soda metasomatism is not 
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in contradiction with the statement that it belongs to the mineral paragenesis 
of a metamorphic facies; this fact was not sufficiently realized by Schiirmann 
(1951). 

Thus, the following fundamental question may be mainly discussed here: 
“Is the glaucophane in question merely a sodic member of certain mineral 
assemblages of the green schist and albite-epidote-amphibolite facies, or is 
it restricted to the mineral paragenesis of a separate glaucophane schist 
facies?” 

There are conclusive arguments in favor of the latter interpretation. 

One of these, much more elaborately discussed in a former paper (de 
Roever, 1950) and therefore only briefly mentioned here, is based on the 
intimate association of lawsonite and glaucophane in numerous metamorphic 
rocks of very different character, the occurrence of lawsonite being confined 
to regions with glaucophane-bearing rocks, This mode of occurrence of 
lawsonite cannot be explained without admitting that this mineral belongs to 
ia separate metamorphic facies, together with glaucophane. This line of reason- 
‘ag was strongly supported by Routhier (1953), whose results, based on 
nvestigations in France and in New Caledonia, show a remarkable conver- 
gence with those of the present author. The existence of a separate glaucophane 
schist facies was also accepted by Brouwer and Egeler (1952), who investi- 
gated glaucophane-bearing rocks from Corsica. 

Since two different equilibrium assemblages of the same chemical com- 
position must have been formed under different physical conditions, a further 
argument for the existence of a separate glaucophane schist facies is that 
many of the natural assemblages with glaucophane and lawsonite are chem- 
ically equivalent to mineral assemblages often encountered in rocks of the 
green schist or albite-epidote-amphibolite facies. This chemical similarity is 
illustrated by the following equation :' 

10 NaAISi,O; + 2 Mg;Al(OH) + CasMg; (OH) .SisOo2 = 

albite chlorite tremolite 
5 + 2 
glaucophane lawsonite 

In view of this equation, attention may be drawn to Brothers’ remark 
that in the glaucophane-bearing schists from the North Berkeley Hills albite 
is never present in large amounts. 

Thus, from the evidence of the association of glaucophane and lawsonite, 
which is also found in the North Berkeley Hills, the physical conditions 
governing the formation of glaucophane-bearing rocks cannot be equated 
with those of the green schist and albite-epidote-amphibolite facies. 

Again, the absence of glaucophane and lawsonite in many regions with 
rocks of the green schist and albite-epidote-amphibolite facies cannot be 
explained without admitting the existence of a separate glaucophane schist 
facies. 

The equation given above also illustrates that metamorphism producing 
a rock with more than 85 percent of glaucophane need not be accompanied 


* Another equation of this type is: 
10 albite + 3 chlorite + 6 clinozoisite (Ca2Als(OH)SisO.) + 
7 quartz + 14 H,O = 5 glaucophane + 12 lawsonite. 
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by soda metasomatism, and that the importance of soda metasomatism during 
the formation of glaucophane is not to be overestimated, as was done by 
Schiirmann (1951, 1953). 

The specific gravity of the critical minerals of the glaucophane schist 
facies is comparatively high. Correspondingly, the reaction according to the 
equation given above involves a reduction in molecular volume of more 
than 10 percent. Further, the range of temperatures during metamorphism 
in the glaucophane schist facies appears to correspond essentially to that of 
the green schist and albite-epidote-amphibolite facies. Therefore, the glauco- 
phane schist facies is to be considered as a higher pressure equivalent of 
this couple of facies. This conclusion, however, does not imply that the con- 
fining pressures during the production of glaucophane were much higher, 
or, in other words, that the differences in confining pressure concerned were 
of great magnitude; the contrary is indicated by the mode of occurrence of 
the glaucophane-bearing rocks. These rather small differences in confining 
pressure are apparently the only essential differences between the physical 
conditions during metamorphism in the glaucophane schist facies and those 
during metamorphism in the other facies mentioned. It will be clear that 
such rather small differences in pressure cannot be inferred by direct obser- 
vation, a fact that explains some of Brothers’ opinions, The differences in 
confining pressure concerned arise from differences in depth. Therefore, the 
conclusion may be drawn that it is the magnitude of the geothermal gradient 
that determined whether regional metamorphism of appropriate low to medium 
grade produced the mineral assemblages of the glaucophane schist facies or 
those of the green schist and albite-epidote-amphibolite facies. The geothermal 
gradients during metamorphism in the glaucophane schist facies were lower, 
i.e. less steep, than those during metamorphism in the other facies mentioned, 
the differences concerned being rather small. 

Metamorphism in the glaucophane schist facies has a wide distribution 
in many younger orogenic belts, in the deeper parts of which it may be of 
regional occurrence, covering rather large areas, e.g. in certain parts of 
Celebes and Kabaena (de Roever, 1950, 1953). In the peripheral and higher 
parts of these belts, however, it is known to be of irregular distribution, e.g. 
in other parts of Celebes and in certain areas of Corsica ard California, This 
may be due partly to the irregular distribution of shearing stresses, which 
may promote reaction by their catalytic activity, and partly to the irregular 
distribution of newly introduced pore solutions of a chemically active type, 
as contended by Brothers. According to the opinion of the present author, 
however, such solutions may be not only transporting agents during eventual 
metasomatism but also catalytic agents, their chemically active constituents 
promoting solution of the older minerals. 

Pumpellyite does not seem to belong to the mineral paragenesis of the 
glaucophane schist facies, but to that of a special subfacies of the green schist 
facies (or to that of a separate facies) that is characterized by the stability 
of pumpellyite, and which is apparently a very low grade equivalent of the 
glaucophane schist facies (de Roever, 1950; Netelbeek, 1951; Routhier, 
1953). 
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In the North Berkeley Hills, Brothers was able to distinguish an older 
and a younger set of minerals. The latter comprises glaucophane and lawsonite, 
which are critical minerals of the glaucophane schist facies, and further epidote 
and clinozoisite, pumpellyite, muscovite, chlorite, albite, quartz, sphene and 
several other minerals. Some remarks by Brothers, and especially Palache’s 
description (1894) of actinolite-bearing veins in a crossite-albite-rock, show 
that part of the fibrous green amphibole also belongs to this younger set of 
minerals, which, therefore, comprises assemblages of more than one meta- 
morphic facies. An exact analysis of a group of rocks that has been meta- 
morphosed in at least three different facies or subfacies—as seems to be the 
case in the North Berkeley Hills—is very difficult. If several different members 
of the amphibole group are present, a careful analysis of their mutual rela- 
tions commonly provides the best starting point for further investigations 
(de Roever, 1947). The age relations of lime-bearing minerals like epidote, 
lawsonite, and pumpellyite are commonly much more difficult to disentangle, 
though alteration of lawsonite into epidote may still be rather easily recog- 
nized (Brouwer and Egeler, 1952). Difficulties may especially be encountered 
when older epidote is present, since the higher age of this mineral, owing to 
its strong resistance to alteration, can almost never be inferred from the 
occurrence of replacement by one of the other minerals. In that case, com- 
parative studies of the geographical distribution of each of these lime-bearing 
minerals and each of the different members of the amphibole group, as well 
as statistical studies of the frequency of association of the different minerals, 
may be of great use. In this respect, attention may be drawn to the statement 
made by J. P. Smith (1906, p. 197), that epidote, which is abundant in most 
of the glaucophane-bearing rocks from California, is usually either lacking 
or scarce in the rocks with lawsonite. Further, according to Brothers, associa- 
tion of lawsonite with epidote or clinozoisite is not usual in the North 
Berkeley Hills. Here, as in other regions with glaucophane-bearing rocks, 
lawsonite and epidote apparently belong to different facies or subfacies, The 
same may hold true for the lawsonite and pumpellyite, since Brothers described 
pumpellyitization of lawsonite. 

The age relations of the different minerals may also be partly elucidated 
by comparing the mineral assemblage of each narrow dilatation vein found to 
that of the adjacent rock. The mineral assemblage of a given vein of this 
type commonly belongs to one metamorphic subfacies. Further, such criteria 
as grain sizes and intensity of alteration may provide useful indications. 

Lastly, some remarks concerning the pyroxenes of the North Berkeley 
Hills may be made, It is to be doubted whether a pyroxene with a birefringence 
of about .015 belongs to the diopside-acmite series. Such a birefringence 
corresponds to that of a chloromelanite or a jadeite-aegirine, which minerals 
may just as well show the other properties mentioned by Brothers. In parti- 
cular, diopside-poor pyroxenes of this type have been shown to belong to the 
mineral paragenesis of the glaucophane schist facies (de Roever, 1947). 
Therefore, the age relations of the pyroxenes in the North Berkeley Hills may 
also require additional studies. 
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Concluding this paper, the author wishes to express his sincere thanks 
for the constructive criticism offered by Dr. C. G. Egeler of the University 
of Amsterdam, whose studies of Corsican rocks led him to conclusions fully 
supporting the views expressed here. 
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INstTituTeE OF THE UNIVERSITY 
AMSTERDAM, HOLLAND 


REPLY 
R. N. BROTHERS 


The fundamental issue emerging from the study of the Berkeley meta- 
morphics is that the glaucophane rocks can not be reconciled with the concept 
of a “glaucophane-schist facies.” The limited scope of the work and the nature 
of the geologic setting did not allow detailed comparison with glaucophane 
rocks in other environments, and the results published were not intended as 
a panacea for the “facies” problem. Nevertheless, the mineralogical evidence 
from the Berkeley schists must be taken at its face value, regardless of the 
fact that the assemblages and their textural relationships are contrary to the 
observations and deductions of other writers. The following points amplify 
this attitude: 

(1) Metasomatism during metamorphism can produce strong local con- 
centrations of liquids like those that have formed monomineralic veins of 
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glaucophane, albite, actinolite, pyroxene and garnet in California glaucophane 
schists. Similar metasomatic processes producing irregular distributions of 
glaucophane in the Berkeley schists explains the presence and absence of the 
amphibole in rocks that are otherwise typical greenschists. As emphasized 
in my paper, however, no genetic importance can be attached to this evidence 
since the schist blocks are tectonic inclusions in serpentinite. A more important 
point in connection with the distribution of glaucophane is the occurrence 
in Franciscan-Knoxville sediments adjacent to the serpentinite intrusions. 
This setting has been pointed out by Taliaferro (1943) and Turner (1948). 
At Berkeley the country rocks show no appreciable sign of metamorphism, 
even to the state of low-grade chlorite schists, and yet they contain well-formed 
crystals of glaucophane and jadeite-acmite which clearly have grown in situ 
by metasomatic introduction of material. This is clear evidence against the 
belief that glaucophane forms only at total pressures higher than those that 
condition the formation of greenschists. 

(2) Mineralogical associations in the Berkeley rocks support isogradic 
equation of many of the glaucophane schists with the greenschist facies. In 
particular, the association of pumpellyite with lawsonite points to this con- 
clusion. These two minerals do not generally share the replacive relationship 
emphasized by de Roever from my paper. “In most cases pumpellyite is as- 
sociated with lawsonite, especially where the latter forms strong folia. Pumpel- 
lyite may be intergrown with lawsonite. . . . Pumpellyite appears in quantity 
in some rocks lacking lawsonite. . . . In a glaucophane-pumpellyite-muscovite 
schist (38b) crystals measuring up to 2.3 mm by 0.34 mm make up 40 per- 
cent of the rock in heavy bands. . . . ” (Brothers, 1954, p, 619). This 
association can not be disregarded by proponents of a separate glaucophane- 
schist facies, for pumpellyite is abundant in low-grade chlorite schists 
elsewhere, e.g. subzones Chl. 1, 2 and 3 of the Otago schists of New Zealand 
(Hutton, 1940). Moreover, pumpellyite is restricted to these subzones in a 
schist series which covers the progressive regional metamorphism of gray- 
wacke sandstones, through greenschists, to biotite and oligoclase schists. 
It is a matter of observation and a fact that pumpellyite has an important 
place in equilibrium assemblages of glaucophane rocks, as much as it forms 
a large part of low rank chlorite schists, Typical greenschist assemblages are 
associated closely with typical glaucophane-schist assemblages, and there is 
no petrographic evidence of disequilibrium. 

(3) A metamorphic facies can not be founded by laboratory work alone; 
all facies are designated in the first place on field as well as mineralogical 
criteria. To distinguish two facies it is necessary to have two distinct field 
associations (e.g. in two zones of metamorphism) of mineral assemblages. 
The mineral assemblages of one zone must include several that are different 
from assemblages of identical chemical composition in the other zone. If the 
assemblages are interpreted as systems in equilibrium, then the nature of 
the pore fluids must be taken into account as an additional phase; that is, 
partial pressures of H,O, CO., NaCl, etc., may become more important than 
total pressure. Hypothetical equations involving hydrous solids, but disre- 
garding partial pressures of water, are useless as proof of origin of 
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glaucophane assemblages. Similarly, use of the lime silicates in these reactions 
is a doubtful procedure, for their stability fields are not well defined and 
textural relationships indicate that the boundaries of the fields are extremely 
variable. For example, lawsonite forms intergrowths with pumpellyite 
(Coombs, 1953), but in some cases pumpellyite replaces lawsonite; epidote 
is poikiloblastically enclosed by lawsonite, but epidote can replace lawsonite 
(Brouwer and Egeler, 1952); epidote and pumpellyite can form equilibrium 
assemblages with glaucophane. 

I can see no reason to recant my opinion previously expressed that the 
Berkeley glaucophane schists do not conform with the generally accepted 
concept of a separate metamorphic facies. I agree with Professor Routhier’s 
views, expressed in a letter dated November 12th, 1954, i.e. “I think that, 
till now, we cannot draw any general conclusions of formation of glauco- 
phanic rocks and schists. | know myself, in the French Alps, examples that 
cannot be partly explained by the control of physical conditions as simple as 
in Celebes or in New Caledonia.” 

I wish to acknowledge the value of many stimulating discussions with 
Professor F, J. Turner on the concept of metamorphic facies and the im- 
portance of index minerals in low-grade rocks. 
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REVIEWS 


Sir James Jeans, A Biography; by the late E. A. MiLne. P. xvi, 176. 
New York, 1953 (Cambridge University Press, $4.00).—In this book the 
late Professor E. A. Milne gives an account of the life of Jeans as exemplified 
by his published mathematical works. Of Jeans the man we hear very little 
although an introductory memoir of personal reminiscences by Mr. S. C. 
Roberts is delightful, For this reason the main interest of the book must be 
to physicists and mathematicians. 

The first half of the book shows how Jeans’ mathematical views de- 
veloped; how, in his early years, his main interest lay in quantum theory 
and radiation; how, in the middle years, this developed into an interest in 
cosmogony; and finally how, in the last phase of his life, he became a best- 
selling author bringing a serious presentation of cosmology to a vast audience 
of readers. 

The latter half of the book consists of a mathematical survey of three 
problems which particularly interested Jeans for many years of his life: the 
Partition of Energy and Theory of Radiation, and the stability of Rotating 
Fluid Masses and its application to astronomical problems, and, finally, the 
equilibrium of stars, fusing ideas from the two previous problems. 

In this latter part the reviewer found two topics particularly interesting. 
These were the Eddington-Jeans controversy, which Milne reviews in a parti- 
cularly impartial manner, and an assessment of Jeans’ early work on the 
quantum theory. Until reading this book the reviewer had not appreciated 
the great influence which Jeans’ “Report on Radiation and Quantum Theory” 
had on current scientific thought at the time of its publication. 


This book is definitely written for the specialist but to him it gives a 
most intriguing account of the revolution which occurred in physics during 
the first two decades of this century as seen from the published works of 
one who was in the forefront. 


CYRIL L, SMITH 


A Historical Survey of Petrology; by F. Y. Loewinson-Lessinc. Trans- 
lated from the Russian by S. I. TomKererr. P. x, 112. Edinburgh, 1954 
(Oliver & Boyd, Ltd., 12s 6d).—The translator’s note at the beginning of this 
translation states that the book was originally published in Russian in 1936 
under the title: “An Introduction to the History of Petrography.” Tomkeieff 
explains that he has translated freely, curtailing some parts of the original and 
adding to others. Publication was long delayed because of the war, but 
Tomkeieff has not attempted to bring it up to date, aside from adding some 
50 recent titles to the bibliography, because, as he puts it, “...the book is 
not so much a record of the development of petrology as an emanation of the 
petrological experience of its author—one of the great contributors to the 
science of petrology. ... ” This and other comments by the translator make 
it clear that this book is to be regarded not so much as a definitive treat- 
ment of the history of petrology as rather one of the significant documents to 
be incorporated in that history when it is written. 

Viewed in this light the book is extremely interesting and valuable but 
not entirely successful, in that it is a somewhat uneven compromise between 
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an attempt at a history of petrology and an exposition of the personal view- 
point of the author, As a historical survey, the attempt to compress so much 
into such a slender book at times forces the author into a sort of geological 
“name-dropping” operation in which many of the important concepts of 
petrology are merely adumbrated by title, as it were, and the men identified 
with these concepts mentioned by name without illuminating the development 
and meaning of the concepts or the nature and value of the individual contri- 
butions. 

Certain omissions and the emphasis on certain ideas and authors at the 
expense of others are rather striking. For example, Barrow (1893) is not 
mentioned in connection with the development of ideas on regional meta- 
morphism, nor Goldschmidt (1911) in connection with contact metamorphism, 
and Bowen’s (1922) reaction series is accorded little more than a passing 
nod in comparison with space devoted to eutectic phenomena. Items of this 
kind are fairly numerous, and even Tomkeieff’s additional references seem 
to me to have some startling gaps. For example, there is no reference to 
Wager’s work on the Skaergaard complex (Wager and Deer, 1939) which I 
think most petrologists regard as a modern milestone in petrologic studies. 

Despite omissions and peculiarities in emphasis, the book has consider- 
able interest as a sort of annotated check-list of the ideas and authors that 
seemed important to one of the great founders of modern petrology. Loewin- 
son-Lessing was a discriminating scholar with a very great command of the 
literature, particularly the eastern European literature which is often over- 
looked by or inaccessible to American and British petrologists, and here 
contributions from this source will be found weighed against the contributions 
from the more familiar literature. 
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MATT WALTON 


EVOLUTION of the VERTEBRATES 


By EDWIN H. COLBERT 

Columbia University and the American Museum of Natural History 
Paleontology for the non-specialist 

Written by one of the world’s leading vertebrate paleontologists, 
this new book provides a balanced general account of vertebrate evolu- 
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